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Improving the Stability of Cascaded DC/DC
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Impedance of the Load Converter With a
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Abstract—Interactions between individually designed
power subsystems in a cascaded system may cause insta-
bility. This paper proposes an approach, which connects
a virtual impedance in parallel or series with the input
impedance of the load converter so that the magnitude or
phase of the load converter’s input impedance is modified
in a small range of frequency, to solve the instability prob-
lem of a cascaded system. The requirements on the parallel
virtual impedance (PVI) and series virtual impedance (SVI)
are derived, and the control strategies to implement the PVI
and SVI are proposed. The comparison and general design
procedure of the PVI and SVI control strategies are also
discussed. Finally, considering the worst stability problem
that often occurs at the system whose source converter is
an LC filter, two cascaded systems consisting of a source
converter with an LC input filter and a load converter,
which is either a buck converter or a boost converter, are
fabricated and tested to validate the effectiveness of the
proposed control methods.

Index Terms—Cascaded system, dynamic performance,
input impedance regulator (lIR), instability problem, load
converter, parallel virtual impedance (PVI), series virtual
impedance (SVI).

I. INTRODUCTION

C distributed power systems (DPSs) have been widely
used in space stations, aircraft, ships, hybrid vehicles,
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Fig. 1. Cascaded system.

communication systems, and renewable energy systems in the
last few decades, due to the flexible system configurations, high
efficiency, and high-power delivery capability [1]-[6]. In a dc
DPS, there are various forms for connecting the subsystems;
among which, cascaded configuration is the typical one [7].
Fig. 1 shows a typical cascaded system, which is composed of a
source converter and a load converter. Although both the source
and load converters can work well individually, the whole
system may become unstable because of their interactions, as
reported in [8]-[12]. The stability of the cascade system can be
guaranteed if the Middlebrook criterion is satisfied [13]-[17],
i.e., Z, s/Z_1 satisfies the Nyquist criterion, where Z, g is
the source converter’s output impedance, and Zj,, , is the load
converter’s input impedance.

In order to meet the Middlebrook criterion, various solutions
have been proposed, and they can be classified into two types:
passive [18] and active [19]-[23] methods. For passive meth-
ods, the passive components, such as resistors, capacitors, and
inductors, are employed. In [18], the RC' and R L dampers were
introduced to reduce the output impedance resonant peak of
the source converter, so that 7, is less than Z;, in the entire
frequency range, and thus, the system stability is guaranteed.
However, the passive components might lead to significant
power loss. As a result, the active methods, which are based
on advanced control of the source converter [19]-[21] and/or
the load converter [22], or adding a power buffer between the
source and load converters [23], are proposed.

Compared to the stability solutions by changing the source
converter’s output impedance, the methods of regulating the
load converter’s input impedance are rarely reported. This is
because the load converter’s input impedance is preferred to
be regulated to a negative resistor when achieving a good
dynamic performance [24], but this negative resistor charac-
teristic is bad news for the stability of a cascaded system
[13]. Accordingly, it is a big challenge to regulate the load
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converter’s input impedance, when ensuring the stability of
the cascaded system and good dynamic performance of the
load converter, simultaneously. In [25], one solution of this
contradictory issue is presented by developing the regulation
signal maps of the source converter into the regulation loop of
the load converter. However, this method may be unachievable
in some applications. For instance, if the source converter is
a simple LC filter, there will be no regulation signals of the
source converter, and as a result, the load converter’s input
impedance cannot be regulated to stabilize the cascaded system.
Moreover, if the source converter is an LC filter, its output
impedance is higher than that of other source converter types
and the system’s stability problem is more likely to appear [26].
Therefore, it is highly desirable to find more general stability
solutions to regulate the input impedance of load converter.
This paper proposes a set of virtual-impedance-based control
strategies to introduce a virtual impedance to be connected in
parallel or series with the load converter’s input impedance
and thus regulate the load converter’s input impedance. The
proposed control strategies take into account both the stability
of the cascaded system and the dynamic performance of the
load converter, and they can be applied to any kind of cascaded
systems. The remaining parts of this paper are organized as
follows: In Section II, the instability reason of the cascaded
system is reviewed and the stability-preferred input impedance
of the load converter is discussed. Then, the parallel-virtual-
impedance (PVI) control strategy and series-virtual-impedance
(SVI) control strategy are presented in Sections III and IV,
respectively. After that, two design examples are given in
Section V. Section VI shows the experimental results, which
verify the effectiveness of the proposed methods. Section VII
compares the two control strategies and concludes their general
design procedure. Finally, Section VIII summarizes this paper.

Il. INSTABILITY REASON OF CASCADED SYSTEM AND
STABILITY-PREFERRED INPUT IMPEDANCE
OF LoAD CONVERTER

A. Review of Subsystems’ Impedance Characteristics
and Instability Cause of the Cascaded System

For cascaded systems, the impedance characteristics of sub-
systems and the cause of instability have been studied ex-
tensively in the last three decades [27]-[33]. Some general
conclusions are summarized as follows.

a) Impedance characteristic of Z, g: Z, g is the source
converter’s output impedance independent of its load.
The characteristic of Z, g is depicted with dotted lines,
as shown in Fig. 2. Here, if the source converter is a
switching-mode power supply, f. s is the cutoff fre-
quency of its voltage loop; if the source converter is an
LC input filter, f. g is the filter’s resonant frequency. It
is obvious that Z,, g is similar to the output impedance of
an LC filter. If f < f. s, Z,_s presents the characteristic
of an inductor, and if f > f. 5, Z, s presents the charac-
teristic of source converter’s output filter capacitor. Note
that the source converter’s open-loop output impedance
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Fig. 2. Impedance characteristics of Z, ¢ and Z;,, ..

is higher than its closed-loop output impedance, and if
the source converter is an LC filter, its output impedance
is higher than the output impedance of other source
converter types [27].

b) Impedance characteristic of Zi, r: Zi, 1 is the input
impedance of the load converter operating in continuous
current mode (CCM). The characteristic of Zj,, 1, is de-
picted with solid lines, as shown In Fig. 2, where f. 1 is
the cutoff frequency of the load converter’s voltage loop.
If f < fe 1, Zin_1 behaves as a negative resistor with the
value of —VbQuS /P, [28], where Vi, is the intermediate
bus voltage, and P, is the load converter’s output power,
and if f > f. 1, Zin 1 behaves as an inductor. Note
that, when f < f. 1, the magnitude of Z;, 1, is inversely
proportional to P, [29]-[31].

c) Cause of instability: For a cascaded system, if Z, g is
intersected with Z;,, r, and if f. g is less than f. 1, as
shown in Fig. 2, the cascaded system is unstable [31].
The —180° phase resulted by the load converter’s negative
resistor characteristic is the main factor that causes the
instability of the cascaded system [32], [33].

d) Worst case of instability problem: According to the char-
acteristic of Z,, g, when the source converter is an LC fil-
ter, its output impedance is higher than that of other types
of source converters [26]. According to the characteristic
of Ziy 1, when the load converter operates at full load,
it has lowest input impedance. Hence, the worst case of
instability problem of a cascaded system occurs at full
load and with the source converter being an LC filter.

B. Stability-Preferred Input Impedance of
Load Converter

As described earlier, for the purpose of ensuring system sta-
bility, the negative resistor characteristic of the load converter’s
input impedance Zj,,_r, should be removed. However, this will
sacrifice the load converter’s dynamic performance. Therefore,
in order to make the cascaded system stable while keeping a
good dynamic performance of the load converter, it is better to
only regulate the characteristics of Zj, r, in the vicinity of the
intersection frequencies of |Z, s| and | Zi, |. Fig. 3 gives two
ways of regulating Z;,, 1, as follows:

1) Make a total separation of | Z, s| and |Zi, 1| by increas-
ing the magnitude of Z;,, 1, within [f1, f2] [see Fig. 3(a)].
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Fig. 3. Stability-preferred input impedance of the load converter.
(a) Total separation of |Z, s| and |Zi, r|. (b) Ensure |p(Z, s) —
@(ZinfL)l < 180° within [fl,fg}.

2) Ensure that |p(Z, s) — ¢(Zin_1.)| < 180° within [f7, fa]
by compensating the phase of Zj, 1 [see Fig. 3(b)].
Here, f1 and fo are the intersection frequencies of |Z, g
and |Zin7L|~

According to Fig. 3(a), the preferred Z;, ; can be
described as

|Zin_r1| - €91
ZinfL?ori(s)

[ €lf, fo

[ & 1f1 f2] W

Zin_L_pref(S) - {

where Zin 11 ori 18 the original input impedance of the
load converter, and |Zi, 11| and 6 are the magnitude
and phase of the preferred input impedance of the load
converter within [f1, fo], respectively. In order to make
a total separation between |Z, s| and |Zin L], | Zin_ 11|
should satisfy

|Zin_L1| > |Zo_S_peak| (2)

where Z, s peak is the peak value of Z, s. Since |Z,_g|
and |Z;,_1,| are totally separated, 67 can be any values. In
order to minimize the effect on the load converter, 6; is
recommended to be the phase of the load converter’s orig-
inal input impedance, i.e., #; = —180° [see Fig. 3(a)].

According to Fig. 3(b), the preferred Z;, ; can be
expressed as

|Zin_L2| . ej92
Zin_L_ori(S)

[ €lf1, f2]

3
[ & lfi f2] ¥

ZinfL?pref(S) - {

where |Zi, 12| and 6 are the magnitude and phase
of the preferred input impedance of the load con-
verter within [f1, f2], respectively. In order to ensure
that |p(Z,_s) — ©(Zin_r)| < 180° at the intersection fre-
quencies of |7, s| and |Zi, 1|, 02 should satisfy

6 € (—90°,90°). (4)

Since |p(Zo s) — ¢(Zin )| < 180° at f1 and fo,
|Zin_L2| can be any values. In order to minimize the
resulting effect on the load converter, | Zi,_r2] is designed
to be equal to | Zi,_1, ori| [see Fig. 3(b)].
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Fig. 5. PVI control strategy.
I1l. PVI CONTROL STRATEGY FOR REGULATING THE

INPUT IMPEDANCE OF LOAD CONVERTER

A. Concept of PVI

As shown in Fig. 4, the PVI Zy;; p(s) is introduced to be
in parallel with the input port of the load converter. Hence, the
load converter’s input impedance is changed to

Zin ori Zvir
zmagzzmhm@vﬂmtﬂ@=2,;L(Slzjﬁz)
- 6

where Ziy 1, ori($) is the original input impedance of the load
converter, and if f < f. 1, Zin_1,_ori(s) is given by

ZinfL?ori(s) = _Vb2us/Po~ (6)

By regulating Zyir p(s), the load converter’s input im-
pedance can be modified to the preferred one shown in Fig. 3.
Substituting (1) into (5), the required Zyi, p(s) for achieving a
total separation of | Z, s| and | Zi, 1| can be obtained as

_Vbzuslzin,Lﬂ
ZVir_P(S) = m f € [flan] (7)
e f &1 fol.

Likewise, substituting (3) into (5), the required Zyi,; p(s), for
ensuring that |p(Z, s) — ¢(Zin_1)| < 180° at f1 and fs, can
be obtained as

Zie p(s) = { [Po(1ter%2)] felfi f2] ®)
+OO f g [f17 f2]

B. PVI Control Strategy

Fig. 5 shows the small-signal control block of the original
load converter. Its variables and transfer functions are described
in Table I. The transfer function 1/Z;; p(s), which is shown
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TABLE |
VARIABLES AND TRANSFER FUNCTIONS IN LOAD CONVERTER
5 Disturbance of the P Disturbance of the input
L bus voltage nmor current
5 Disturbance of the 2 Disturbance of the
2 output voltage 2 output current
F Disturbance of the 5 Disturbance of the
duty cycle o_ref output voltage reference
Transfer function of Sampling coefficient of
Grim(s) the modulator 4:0) the output voltage
Transfer function of ; Open-loop input
) the voltage regulator Zin_0L(5) impedance
Open-loop output ) Control to input current
Zo_oL(s) impedance Gid_0L(s) transfer function
Control to output ;
- Open-loop load to input
Gva_oL(s) VOltg;g:ng?leer Gir_oL(s) current transfer function
Gvg oL(s) Open-loop input to output voltage transfer function

G zin_#| T
0 >/

S S

Fig. 6. Characteristic of |Gzin_p(s)].

with dashed lines, is introduced to the control block between
the input voltage and the input current to realize the PVI, and
iin is the disturbance of the load converter’s input current with
Zyir_p(8). This is the basic idea of PVI. Moving the output
of 1/Zix p(s) to the output voltage reference, and adjusting
the transfer function to Gyzi, p(s), as shown with the dot-
dashed lines, we have the equivalent transformation. This is the
proposed PVI control strategy, and Gy, p(s) is named as the
input impedance regulator (IIR), which can be expressed as

1 1+ Ty(s)

G rl) = 7o @ GO ()G o ()

©))

where T, (s) = Hs(s)Gy(s)Gpwm(s)Gua oL(s) is the loop
gain of the voltage closed loop of load converter.

C. Realization of Gzi,_p(s)

Substituting (7) and (8) into (9), respectively, Gzin_p(s) can
be further described as

|Zin_r1|Po—=V2

Zin L11Po™ Vpys
\Zm,Ll\Vf\,f T,(s)
, _ Ty (s
Grin_p(s) =1 % Gu(s)Grwm(s)Gia or(s) felfr. f2] 10
0 félfr, f2
VIE: (1+e70%2)
_ _ ) 14T, (s)
Gzin P(5) =\ Xommommbicione 1 €Ll (D
0 félfr, fal.

As seen from (10) and (11), Gzi,_p(s) is a frequency-
based piecewise function, which is shown in Fig. 6, where
|Gzin_p(s)| is a nonzero value within [f1, f2] and zero outside

=y, .70
Rs L b

Ry
P V2

Ry

I

Fig. 7. Analog phase-shifted circuit.

[f1, f2]. Hence, a bandpass filter Gppr(s) can be utilized to
realize Gz, _p(s), i.e.,

N Zin a1 |P = V2

GZian(S) - Vb2uS|Zin_L1|
1+ T,(s)
) G 12
PGv(S)GPWM(S)GidioL(S) BPF(S) ( )
Gzin_p(s) = VQO (1+ e77%)
bus . T (S)
o Ggpr(s). (13)

X
Gy (s)Grwm(s)Gia_or(s)
In this paper, Gppr(s) adopts a typical second-order band-
pass filter, which is composed of a second-order high-pass filter
and a second-order low-pass filter, given as

2
Grrr(s) =

s w3

52 + (5—;) s+wi s+ (%) s + w3
where wy = 27 f1 and we = 27 f5 are the characteristic angular
frequencies of high-pass filter and low-pass filter, respectively;
Qu and @, are the quality factors of the high-pass filter and
low-pass filter, respectively.

In (13), the shifted phase 6> can be implemented by digital
control chips, such as a digital signal processor (DSP), a field-
programmable gate array (FPGA), and a microcontroller unit
(MCU), and can also be realized by an analog phase-shifted
circuit [34], as shown in Fig. 7, where we let R; = R = R3 =
R4 = Rs; thus, 0 is given by
1— (21f.5)*RiC1CaRy

QWfC_S(CQR¢ + RQCl)

where f. ¢ is defined in Fig. 2. Since the vicinity of the
intersection frequencies of source converter’s output impedance
and load converter’s input impedance is usually very small,
f1 and f5 are very close to f. g. As a result, we can get the
following relationship:

va(f) =vi(f) - e f € [fr, fo].

(14)

f; = —2 arctan (15)

(16)

IV. SVI CONTROL STRATEGY FOR REGULATING THE
INPUT IMPEDANCE OF LOAD CONVERTER

A. Concept of SVI

Fig. 8 shows the introduced SVI Z,;,; s(s) at the input port
of the load converter. As a result, the load converter’s input
impedance becomes

ZinfL(s) - ZinfL?ori(s) + ZvirfS(s) (17)
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where Zi,, 1, ori($) at the frequencies below f. 1, is expressed as
ZinfL?ori(S) = _VbQusiori/P(r (18)

Similar to the PVI control strategy, the load converter’s
input impedance can be modified to the required one shown in
Fig. 3 by regulating Z,;, s(s). By substituting (1) into (17), the
required Z;, s(s) for realizing a total separation of | Z, s| and
|Zin_1| [see Fig. 3(a)] can be derived as

(Bgen) = |Zusal £ e lfi ]
0 1€ .

Likewise, by putting (3) into (17), the required Z,;, s(s), for
ensuring that |p(Z, s) — ¢(Zin_r)| < 180° at f1 and fo [see
Fig. 3(b)] can be derived as

(VSTO) -(1+e%) felf,fol
b £l fol

Zyir_s(s) = { (19)

Zyir_s(s) = { (20)

B. SVI Control Strategy

Fig. 9 shows the small-signal control block of the original
load converter. Its variables and transfer functions are the same
as those in Fig. 5. The transfer function Zy;, s(s) is introduced
to the control block between the input current and the input
voltage (dash line) to realize the SVI, and Opyus ori i the
disturbance of the load converter’s input voltage with Zyi; s(s).
This is the basic idea of the SVI control strategy. By moving the
feedback node of i, to the output of G, (s) and adjusting the
transfer function to Gz, s(s), as shown with the dot-dashed
lines, the equivalent control block diagram is obtained. Here,
Gyzin_s(s) is named as the IIR of the SVI control strategy,
which can be expressed as

GZin,S(S) = — Zvir(s)

1+ T,(s)
Gid_on(s)GpwMm(8) Zin_1_ori(8) '

Ty(s)
(21)

C. Realization of Gy, _s(s)

By substituting (19) into (21), the required Gzin s(s) for
achieving a total separation of |Z, s| and |Zi, 1| is ex-
pressed as

v;2 )
—( busori ) 4 Zi 4|

o 14T, (s)
GZin_S(S) ~\Gidaon(s)Grwm(8)Zin L ori(s) Tu(s) fe [fl’ f2]
0 fELf1, fal-
(22)

Likewise, by putting (20) to (21), the required Gzin s(s),
for ensuring that |o(Z, s) — ©(Zin_r)| < 180° at f1 and fo,
is derived as

2
B Vbus,m-i),(ej% +1)

Po 14T, (s)
Gzin_s(8) T or G Gra 7 T €L 12
0 félf, fal.
(23)

Similar to Gzin p(s), Gzin_s(s) is also a frequency-based
piecewise function, and the bandpass filter Ggpr(s) can be
used to realize Gizi,_s(s). For achieving a total separation of
|Z,_s| and |Zi, 1|, the required Gizi,_s(s) can be expressed as

- (%P;;“) + | Zin_11]
Gid_on(8)GrwM(8) Zin_L_ori(8)
1+ Ty(s)

T (s)

GZin_S (S) =

GBpr (S) .24

In addition, for ensuring that |o(Z, s) — ©(Zin_1.)| < 180°
at f1 and f, the required Gzi,_s(s) can be derived as

— () (@ + 1)
Gida_oL(8)GrwM(8) Zin_L_ori(5)
14 Ty(s)

TU(S)

Gzin_s(s) =

Gerr(s). (25)

As well known, the traditional compensation method regu-
lates the output voltage or current of the load converter and
ensures a good dynamic performance. Thus, the load converter
behaves as a constant-power load, and its input impedance is
regulated to a negative resistor. For the proposed PVI and SVI
control strategies, they modify the magnitude or phase of load
converter’s input impedance only in a small range of frequency
to stabilize the cascaded system, and the output voltage or
current of the load converter is still well regulated. It should
be pointed out that, since the proposed method is achieved by
the control, it is only effective below the cutoff frequency of the
load converter. However, according to Fig. 2, it is very inter-
esting to find that, if the source converter’s output impedance
is intersected with the load converter’s input impedance outside
the cutoff frequency of the load converter, the cascaded system
is still stable. Therefore, the proposed method is an effective
approach for improving the stability of the cascaded system.
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Fig. 10. Cascaded system of example I.

TABLE 1l
PARAMETERS OF THE CASCADED SYSTEM IN EXAMPLE |

Parameter Lr Cr Ln Cn Ria
Value 700 pH 68 uF 33 uH 2400 yF 1.44Q

Parameter R Ry R3 R4 Ci
Value 650Q 3.3Q 650Q 10kQ 470 nF

Parameter @) C3 H; Viamp Vo r
Value 30 nF 159 pF 0.1 2.34V 1.2V

V. DESIGN EXAMPLES

As illustrated in Section II, the worst instability phenomenon
is most likely to occur when the source converter is an LC filter.
In addition, buck and boost converters are two typical dc/dc
converters, and analog and digital control are two classical
implementation methods. Hence, a 100-W cascaded system,
which consists of an LC filter and a48 V—12 V analog-control-
based buck converter, and a 200-W cascaded system, which
includes an LC filter and a 24 V-48 V digital-control-based
boost converter, are discussed in this section.

A. Example I: Cascaded System Consisting of an Input
LC Filter and an Analog-Control-Based Buck Converter

A 100-W cascaded system with an input LC filter (source
stage) and a 48 V—12 V analog-control-based buck converter
(load stage) is designed, which is shown in Fig. 10. The buck
converter is operated at 100 kHz. A type-III network is used for
the compensator, and the cutoff frequency and phase margin are
set to 20 kHz and 45°, respectively. The corresponding system
parameters are summarized in Table II.

The output impedance Z,_s(s) of the input LC filter is given
in (26a), where Rp¢ is the parasitic resistor of Ly, and the
measured value is 0.1 €. According to the small-signal circuit
model of the buck converter [35], Ziy,_1.(s) can be expressed as
(26b), where P, and D are the output power and the duty cycle

of the buck converter, respectively. That is,
SLf + Ry

Z = 26

O_S(S) S2Lfo + SRLfo +1 (262)

—Ty(s) P, 1

Zin S) =

=117 To(s) V&, 1+Ty(s)

2, D2 -
SCle + Ria (26]3)

x 2 Ly
s Lflcf1+SRLd +1

0 S

...... Zin 1 (35% full load)
- == Z,  (full load)

=== Zy 1 pvi(full load)
== Zy 1 svi(full load)

|Z| (dB)

180 IS

iHI R ]
90 b/ N
> K
e ; )
\N/ 0 K3 i CIMNW 4
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Fig. 11. Bode plot of Z, s and Zi, r in the cascaded system of
example I.

According to (26), the Bode plots of Z, ¢ and Zj, 1 at
different loads are plotted in Fig. 1 1. Obviously, when the load
is lower than 35% of the full load, Z, g is less than Z;, r;
hence, the cascaded system is stable. When the load is higher
than 35% of the full load, |Z, s| and |Z;, .| are intersected
at about 685 Hz and 780 Hz. Since the difference between
©(Z, s) and o(Ziy 1) is larger than 180° at about 685 Hz, the
cascaded system is unstable, and the oscillation will occur at
about 685 Hz [36].

As discussed in Section II, changing the magnitude or phase
of load converter’s input impedance can stabilize the system.
For a fair comparison, here, changing the phase of the load
converter’s input impedance is taken as the example in both PVI
and SVI control strategies.

1) Design of PVI Control Strategy: In order to solve the
instability problem conveniently, Z;,, r, is designed to a positive
resistor within [f1, f2] to ensure that |©(Z, s) — ¢(Zin_1)| <
180°. Hence, we let #> = 0, which will simplify the control
circuit.

According to the small-signal circuit model of the buck
converter [35], G, (s), GpwmMm(s), Gva_oL(s), and G4 or(s)
can be derived as (27), shown at the bottom of the next page.

Since |TU(S)| = |GU(S)GPWM(S)Gvd_QL(S)HS(S)| >1
within [f1, fa], |Tw(s)| + 1 ~ T,(s)|. Substituting f = 0 and
(27) into (13), we have

Gzin_p(8) = Gzin_p1 - P - GBPF(S) (28)
where

C;(Zin_Pl (S)
- QHS(S)RLd
ViusVo [$2L11Cp1 + $(RuaCr1+ Ly1/Rua) + 2]

(29)

In Gpr(s), f1 = 685 Hz and f» = 780 Hz, and both Q
and @ are selected to 0.707 for better amplitude—frequency
characteristics of Gppp(s).

The Bode plot of the modified input impedance Zi, 1, pvi
is shown with dashed line in Fig. 11. As shown, |¢(Z, g) —
O(Zin 1, pvi)| < 180° at fi and fo. Therefore, the cascaded
system will be stable, and the design of Gz, p(s) is appropriate.
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Fig. 12. PVI/SVI control circuit of the load converter.

Fig. 12 shows the circuit implementation of PVI control
and SVI control of the load converter. When the single-
pole—double-throw switches S and Ss are connected to the PVI
terminals, and the single-pole—single-throw switch S is closed,
the circuit is for the PVI control. When S; and S» are connected
to the SVI terminals, and S5 is opened, the circuit is for the SVI
control.

In subcircuit PVI-A, vy first goes through a high-pass filter
comprising C7 and R; to extract Avyys, and then, it is sent to
the rectifier circuit and a peak value detection circuit, producing
the magnitude of Awvy,s. This magnitude is compared with the
preset allowable voltage ripple AVius allow, and the error is
amplified by amplifier A,. The output of A, is adaptively varied
by P,: a large P, brings a larger Auvy,ys, and on the contrary,
a smaller P, gives a smaller Auvy,,s. Meanwhile, vy, is sent
to subcircuit PVI-B, which is composed of Rg—R13, C4, Cs,
and amplifier As, to realize the function of Gz, p1(s) in (29).
Subcircuit PVI-C multiplies the outputs of subcircuits PVI-A

and PVI-B, and sends it to the second-order bandpass filter to
obtain the output of Gzi,_p(s) in (28).

A voltage closed loop is incorporated for regulating the
output voltage of the load converter. Specifically, the sum of
the output voltage’s original reference and the bandpass filter’s
output is used as the final reference of the load converter’s
output voltage. The type-III network composed of Rss— R39,
C12—C14, and the amplifier Ag is used as the regulator.

Finally, UC3525 is employed as the pulsewidth modulation
(PWM) and drive circuit of the load converter.

Here, since the analog chip AD534 [37] is available in our
laboratory, it is utilized to realize the function of multiplier.
Compared to the relatively high-cost AD534, some low-cost
analog multiplier circuits can be used to implement the same
function, as recommended in [38], as well. This would further
reduce the cost of the system.

2) Design of the SVI Control Strategy: Similar with the
PVI control strategy, ¢(Zi, 1) is also chosen as zero within

82(R2 + R3)R4C1CQ + S(RQCl + R3Cq + R4CQ) +1

. ) 27
(s) $3RoR3R1C1C2C5 4 $2R3 [RyC2C5 4+ R2C1(C2 + C3)] + s(Ce + Cs)R3 o
1
Grwwm(s) = V. o
ramp
Gud_OL(S) = 5 Vo Ly o
[5 LyCyr+s (RLd> + 1}
DVie 1+ sRpaChy
i ) X 27d
Gid_ov(s) Ria { + $2L1Cp1 +sLp1/Rua + 1 o
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Fig. 13. Cascaded system of example II.

[f1, f2] to ensure that |p(Z, s) — ¢(Zin_r)| < 180°. Hence,
we let 03 = 0. Similarly, Gz, s(s) can be derived as

Gzin_s(5) = Gzin_s1GBPF(S) (30)
where
G N(l— 1+ sRuaCn )
#in-S1 s2L11Cr1 + s(Ly1/Rua+RuaCr1)+2
ZWarllpRLd
— . (31
Dvbus ( )

In addition, for Gppr(s), f1 = 685 Hz and f; = 780 Hz, and
Qu =Qr =0.707.

The Bode plot of the improved input impedance Zi, 1 svi
is also shown with double-dashed line in Fig. 11. As shown,
lo(Zo s) — ©(Zin_1_svi)| < 180° at f; and fo. Therefore,
the improved cascaded system is stable, and the design of
Gzin_s(8) is effective.

Fig. 12 describes the detailed SVI control circuit of the load
converter, where S; and So are connected to the SVI terminals,
and Sg3 is opened. The subcircuit SVI employs R14— Ros, Cg,
C'7, and amplifiers A, — Ag to realize the function of Gzi,_s1(s)
in (31). The output of the subcircuit SVI is sent to the second-
order bandpass filter to obtain the output of G'zi,_s(s) in (30),
which is subtracted from the output of the voltage regulator
through the operational amplifier inside UC3525, forming the
modulation signal. UC3525 is again used as the PWM and pro-
duces the drive signal of the power switch of the load converter.

B. Example II: Cascaded System Consisting of an Input
LC Filter and a Digital-Control-Based Boost Converter

Fig. 13 shows a 200-W cascaded system consisting of an
input LC filter (source stage) and a 24 V—48 V digital-
control-based boost converter (load stage) operated at 100 kHz.
Since the boost converter iS a nonminimum phase system,
a proportional-integral controller is employed as the com-
pensator, and the cutoff frequency and phase margin are set
to 2.5 kHz and 32°, respectively. The corresponding system
parameters are summarized in Table I11.

The output impedance Z, s(s) of the input LC filter has
been given in (26a). According to the small-signal circuit model
of the boost converter [35], Zi,_1(s) can be expressed as

< ~T,(s) P, 1

Zin =
2=\ 13 To(s) V2. | 1+Ty(s)

sCy1Rrq + 1 >1
$2L1Cr1 + Rra + sLj1 + Rua(l — D)?

(32)

TABLE I
PARAMETERS OF THE CASCADED SYSTEM IN EXAMPLE Il

Parameter Ly Cr La Cn
Value 250 pH 330 uF 720 uH 450 uF
Parameter Rra kp ki
Value 11.52 Q 15 450
60
: et = Zos
~ 30 e s A= ] Zi 1 (20% full load)
S o FTTmrorAT T “=+= Z,, (full load)
N === Zy 1 pvi(full load)
=30 == Zj 1 svi(full load)
-60
180
90
e
@ 0
s
-90
-180,

10 107 7 10° 107 10°
fi=520Hz SHD  f645H,

Fig. 14. Bode plot of Z, s and Zi, 1 in the cascaded system of
example II.

where D and P, are the duty cycle and output power of the
boost converter, respectively.

According to (26a) and (32), Fig. 14 plots the Bode plots of
Zo_s and Ziy, r, at different loads. As shown, when the load is
lower than 20% of the full load, there will be a total separation
of |Z, s| and |Zi, 1 |; the cascaded system is stable. Otherwise,
there are intersections between |Z, g| and |Zi, 1|, and the
two intersection frequencies are about 520 Hz and 645 Hz.
Considering that the difference between ¢(Z, s) and ¢(Ziy 1)
is larger than 180° at about 520 Hz, the cascaded system is
unstable, and the oscillation will appear at about 520 Hz [36].

Similar to example I, both the PVI and SVI control strategies
change the phase of the load converter’s input impedance in
example II.

1) Design of PVI Control Strategy: In order to solve the
instability problem conveniently, Z;,, r, is designed to a positive
resistor within [f1, f2] to ensure that |o(Z, s) — ¢(Zin_1)| <
180°, i.e., 65 is set to O.

According to the small-signal circuit model of the boost
converter [35], GU(S), GPWM(S), GUd_OL(S)» and Gid_OL(S)
can be expressed as

ks
Gy(s) =kp + . (33a)
1
Gpwm(s) = (33b)
V;"amp
Vous | RLd — QS—_LD%}
Gua_oL(s) = 5 (33¢)
S LflcflRLd + SLf1 + RLd(l — D)
Vo(sCr1Rrg + 2
Giqon(s) = (sCr1fLa+2)

s2Lp1Cp1Rua + 8Ly + Rra(l — D)%
(33d)
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Fig. 15. Software flowchart of the PVI and SVI control algorithm.

Since |TU (S)| = |GU (S)GPWM(S)Gvd_OL(S)HS (S)| >1 dur-
ing [f1, fa], |Tw(s)| + 1~ |Ty(s)|. Substituting 2 =0 and
(33) into (13), Gzin_p(s) can be derived as

Gzin_p(s) = Gzin_pr1(s)GBpr(S) (34)

where

Gy (S) o QHS(S)PO RLd - SLfl/(l - D)Q
AP T T Ve sCy1Rrq +2 '

(35)

In addition, for Gppr(s), f1 = 520 Hz and f; = 645 Hz, and
Qo = Qr =0.707.

The Bode plot of the improved input impedance Zi,, 1, pvi
is shown with dashed line in Fig. 14. As shown, |p(Z, s) —
©(Zin 1 pvi)| < 180° at f; and fo. Therefore, the improved
cascaded system is stable, and the design of Gziy p(s) is
appropriate.

The PVI control system was implemented by a DSP
TMS320F28335. Fig. 15 shows the flowchart of its mechanism.
As shown, the input voltage vy, and the output voltage v, of
the load converter are sampled to provide the necessary infor-
mation for the PVI control and to calculate the final reference of
output voltage. With the calculated reference of v,, the output
voltage of the load converter is regulated by the compensator
Gy(8).

2) Design Example of the SVI Control Strategy: In
this example, similar to the PVI control strategy, ¢(Zin 1) is
also chosen as zero within [f1, f2] to ensure that |p(Z, s) —
©(Zin_1)| < 180°; hence, 65 is set to 0, and Gzi,_s(s) can be
derived and simplified as

Gzin_s(s) = Gzin_s1(s)Gppr(s) (36)

where

2Viamp [SQLfICflRLd+SLf1 + RLd(l—D)Q}
Vo(sCr1Rra +2) '

Gzin_s1(8)=
37

For Gpr(s), here, f1 = 520 Hz and f> = 645 Hz, and Qg =
QL = 0.707.

The Bode plot of the improved input impedance Zi, 1 svi
is also shown with double-dashed line in Fig. 14. As shown,
|o(Zo s) — ©(Zin_1_svi)| < 180° at f; and f,. Therefore,
the improved cascaded system is stable, and the design of
Gzin_s(s) is effective.

Similar to the PVI control method, the SVI control system
was also implemented by a DSP TMS320F28335. The flow-
chart of its mechanism is also given in Fig. 15.

As shown in Fig. 15, the input current ¢;, and the output
voltage v, of the load converter are sampled to provide the
necessary information for the SVI control and to output voltage
regulation. The algorithm obtained the modulation signal by
subtracting the output of Gz, s(s) from the output of G, (s).
Then, it generated the PWM signal by PWM module.

C. Comparison of Analog and Digital Implementations of
the Proposed Control Strategies

As discussed earlier, both the PVI and SVI control strate-
gies can be realized by analog circuits or digital algorithm.
Generally speaking, the analog chips are often cheaper than
digital chips, and hence, the analog implementation is more
affordable than digital realization. In addition, since the analog
control system does not suffer the delay problem existing in
the digital control system, the proposed method is expected to
have a better performance with analog control. Furthermore, the
execution time of the program cannot be ignored for the dc/dc
converter in practice, i.e., the digital control limits the allowed
maximum switching frequency of the dc/dc converter. For
instance, in example II, the total call and execution time of the
PVI control program is 4.5 us; thus, the load converter’s max-
imum switching frequency is limited to 222 kHz. Therefore,
from the perspective of cost, performance, and constraints, the
analog implementation is better than digital implementation.

However, considering that the expressions of Gz, p(s) and
Gyin_s(s) are slightly complex, the proposed strategies are eas-
ier to be realized by digital algorithm rather than analog circuits.

As mentioned in Section II, regulating either the magnitude
or the phase of the load converter’s input impedance can
stabilize the system. However, according to Sections Il and IV,
the design of PVI and SVI control strategies via regulating the
magnitude of the load converter’s input impedance is similar
to that via regulating the phase of the load converter’s input
impedance. In addition, as shown in Table IV, this section also
gives the Bode plots of Gz, (s) with changing the magnitude
and phase methods in examples I and II. It shows that, although
the two methods have different physical concepts, their actual
impact on the load converter is indeed very similar. Therefore,
considering the aforementioned reasons and space limit, the
detailed design procedure and demonstration of the regulating
magnitude method is not presented here.

VI. EXPERIMENTAL VERIFICATION

According to the design examples, two prototypes have been
fabricated and tested in the laboratory to verify the validity of
the proposed control strategies.
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TABLE IV — - - - .
TS AL o [5 Ald . [5 A/d
COMPARISON OF Gz, (S) WITH CHANGING THE MAGNITUDE Tor [2-Avdiv] H : ] io: [ ]
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1 /\/\/ Vibus: [5 V/div] Vst [S V/div]
s 15 V/div]
PVI SVI At v
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-50 - , :
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=-70 “5—60
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Fig. 16. Photograph of the prototype. (a) Prototype. (b) PCB of the
analog controller.

A. Prototype I: Cascaded System Consists of an Input
LC Filter and an Analog-Controlled Buck Converter

Prototype I is a 100-W cascaded system consisting of an
input LC filter and a 48 V—24 V analog-controlled buck
converter. Fig. 16(a) shows its photograph. Note that both PVI
and SVI control circuits are laid out in one printed circuit board
(PCB), as shown in Fig. 16(b), where the detailed information
of the corresponding subcircuits in Fig. 12 is also marked.

@ (b) (©)

Fig. 18. Experimental waveforms at half load. (a) Without the proposed
control strategies. (b) With PVI control strategy. (c) With SVI control
strategy.

L[5 Addiv]

gt [5 A/div] Li [5 Aldiv]

o [5 V/div] o 15 V/dv]

Vst [5 V/div]

| |
Vi [1 V/div] v, [1 V/div] or [1 V/div]

Time: [500 us/divl | Time: [500 pis/div] Time: [500 us/div]
(@) (b) (©)

Fig. 19. Experimental waveforms at 35% full load. (a) Without the
proposed control strategies. (b) With PVI control strategy. (c) With SVI
control strategy.

The experimental results of the cascaded system without
proposed control strategies, with PVI control strategy, and with
SVI control strategy, at different loads, are given in Figs. 17-19,
where the waveforms of vy,s and v, are their ac components
to clearly show the oscillation. As shown in Figs. 17(a) and
18(a), the cascaded system is unstable at full load and half
load when the proposed control strategies are absent, and the
oscillating frequencies of the bus voltage and output voltage
are both about 685 Hz, which is coincided with the conclusion
in Fig. 11. It is worth noting that, although the cascaded system
is unstable, the system can only operate with an underdamped
resonance instead of divergent resonance. This can be explained
as follows. If the system is unstable, the converter’s inductor
current starts to diverge. When it reduces to zero, the converter
will operate in discontinuous current mode (DCM). Fortunately,
in DCM, the converter’s order is reduced, and the whole system
could readily return to stable operation. As a result, the current
ceases to diverge and converges again. Finally, the system
will find an equilibrium state and behave as underdamped
resonance. As shown in Figs. 17(b) and (c) and 18(b) and (c),
when the PVI or SVI control strategy is incorporated, the
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Fig. 20. Dynamic waveforms of the system when the load steps be-
tween full load and 10% full load. (a) PVI control strategy. (b) SVI control
strategy.
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Fig. 22. Experimental waveforms at full load. (a) Without the proposed
control strategies. (b) With PVI control strategy. (c) With SVI control
strategy.
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Fig. 21. Dynamic waveforms of the system when the input voltage
steps between 80% and 120% rated voltage. (a) PVI control strategy.
(b) SVI control strategy.

cascaded system becomes stable at full load and half load,
and no oscillation occurs in vp,s and v,. Fig. 19(a) shows
the experimental waveforms of ,, vpys, and v, at 35% full
load without the proposed control strategy. It shows that the
cascaded system is stable, which is consistent with Fig. 11. In
addition, as shown in Fig. 19(b) and (c), the cascaded system is
also stable when the PVI or SVI control strategy is utilized.

Fig. 20 shows the dynamic performance of the cascaded
system, when its load steps between 10% and 100% full load
at the rated input voltage (48 V). It can be found that the
dynamic performances of the cascaded system with PVI control
strategy and with SVI control strategy are both good. It is worth
explaining that, since the proposed control strategies are aimed
to the load converter, the dynamic performance of the source
converter is not affected.

Fig. 21 shows the dynamic performance of the cascaded sys-
tem, when its input voltage steps between 80% and 120% rated
voltage at full load. It shows that the dynamic performances
of the cascaded system with PVI control strategy and with
SVI control strategy are both good. Note that the dc power
supply “Chroma 62012P-80-60"is utilized to program the input
voltage of the cascaded system, and it is a unidirectional dc
power supply. Therefore, it takes a short time to step v, up
from 80% to 120% rated voltage but spends a relatively long
time to step vi, down from 120% to 80% rated voltage, which
is found in Fig. 21. This phenomenon is common for all the
unidirectional dc power supplies.

In summary, the experimental results given in
Figs. 17-21 show that both PVI control strategy and SVI
control strategy are valid solutions to instability of prototype I.
In addition, the proposed methods not only stabilize the system
but also keep a good dynamic performance.

Fig. 23. Experimental waveforms at half load. (a) Without the proposed
control strategies. (b) With PVI control strategy. (c) With SVI control
strategy.

1 | ‘
| |
i [2AMIV] i, [2 A/div] i, [2 A/div]
Vit [5 V/div] | st [3 V/div] st [3 V/div]
| \ !
v,: [2 V/div] | v,: [2 V/div] Vi [2 V/div]

! i |
} | | |
Time: [500 ;ﬁs/div] Time: [500 pis/div] Time: [500 ps/div] |

@ ’ ®) ©

Fig. 24. Experimental waveforms at 20% full load. (a) Without the
proposed control strategies. (b) With PVI control strategy. (c) With SVI
control strategy.

B. Prototype II: Cascaded System Consists of an Input
LC Filter and a Digital-Controlled Boost Converter

Here, a 200-W cascaded system with an input LC' filter and
a24 V—48 V digital-control-based boost converter is built. The
topology, parameters, and control algorithm have already been
discussed in Section V-B.

The experimental results of the cascaded system without the
proposed control strategies, with PVI control strategy, and with
SVI control strategy, at different loads, are given in Figs. 22-24,
where the waveforms of vy,s and v, are their ac components
to clearly show the oscillation. In Figs. 22(a) and 23(a), the
cascaded system is unstable at full load and half load when
the proposed control strategies are absent, and the oscillating
frequencies of the bus voltage and output voltage are both
about 520 Hz, which is consistent with the conclusion in
Fig. 14. The reason why the unstable system is operating with
an underdamped resonance instead of divergent resonance is
already explained in Section VI-A, which is not repeated here.
As shown in Figs. 22(b) and (c) and 23(b) and (c), when the
PVI or SVI control strategy is introduced, the cascaded system
becomes stable at full load and half load, and no oscillation
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Fig. 25. Dynamic waveforms of the system, when its load steps be-
tween 10% and 100% full load. (a) With PVI control strategy. (b) With
SVI control strategy.
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Fig. 26. Dynamic waveforms of the system, when its input voltage
steps between 80% and 120% rated voltage. (a) With PVI control
strategy. (b) With SVI control strategy.

occurs in vpys and v,. Fig. 24(a) shows the experimental
waveforms of 7,, Vpus, and v, at 20% full load without the
proposed control strategy. It shows that the cascaded system is
stable, which is consistent with Fig. 14. In addition, as shown
in Fig. 24(b) and (c), the cascaded system is also stable when
the PVI or SVI control strategy is utilized.

Fig. 25 shows the dynamic waveforms of the cascaded
system, when its load steps between 10% and 100% full load
at the rated input voltage (24 V). As shown, the dynamic
performances of the cascaded system with PVI control strategy
and with SVI control strategy are both good.

Fig. 26 shows the dynamic performance of the cascaded sys-
tem when the input voltage steps between 80% and 120% rated
voltage at full load. It shows that the dynamic performances
of the cascaded system with PVI control strategy and with SVI
control strategy are both good. Similar to Fig. 21, it takes a short
time to step v;, up but spends a relatively long time to step vi,
down.

In summary, the experimental results given in
Figs. 22-26 show that both PVI control strategy and SVI
control strategy are valid solutions to instability of prototype II.
In addition, the proposed methods keep a good dynamic
performance.

According to the aforementioned two examples, it proves
that the proposed control strategies are effective and feasible
in practice.

VII. COMPARISON AND DESIGN PROCEDURE OF
THE PROPOSED CONTROL STRATEGY

Goals of both the PVI and SVI control strategies are realizing
the stability-preferred input impedance in Fig 3. Hence, in
essence, they have the same stabilize ability for the cascaded

TABLE V
COMPARISON OF PVI AND SVI CONTROL STRATEGIES
Control Stabilize Dynamic Cost Price
Strategy ability performance
" . B Need an additional
2 Same Same Low input voltage sensor
. . + Need an additional
Sl B NTtie Low input current sensor

" Please see the experimental results in section VI;  Can use analog
control circuit.

Obtain Z, s and . Realize Z,;, p or
Zin I ori bY Derive the =
= : Select proper Z, sby PVl or
measurement or —» required | 7 or Z SVI control
theoretical Zn 1 kB S~ o
calculation gy
Re-design

T

Yes

Success

Fig. 27. General design steps of PVI and SVI control strategies.

system. In addition, considering the PVI and SVI control
strategies changing load converter’s input impedance in the
same frequency range, their influences on the load converter’s
dynamic performance are almost the same. The experimental
results proved the aforementioned points as well. The only
difference between the two strategies is that the PVI control
strategy requires an additional input voltage sensor of the load
converter, while the SVI control strategy requires an additional
input current sensor. Table V compares the features of the
PVI and SVI methods, including stabilize ability, dynamic
performance, cost, and price.

Moreover, in order to popularize the proposed strategies, a
general design procedure of PVI and SVI control strategies is
presented in Fig. 27.

VIIl. CONCLUSION

In order to solve the instability problem of the cascaded
system, a set of virtual-impedance-based control strategies,
i.e., PVI and SVI control strategies, has been proposed in this
paper. Our study shows that the proposed strategies modify the
input impedance of the load converter only in a small range of
frequencies. Therefore, it not only stabilizes the whole system
but also ensures a good dynamic performance of the load
converter. Furthermore, the proposed methods can be realized
by analog control circuit or digital control algorithm without the
help of the source converter; thus, our approaches are feasible
in practice. Finally, a general design procedure is introduced to
popularize the proposed strategies, and two example systems
are fabricated to validate the correctness of our methods.
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