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Source-Side Series-Virtual-Impedance Control to
Improve the Cascaded System Stability and the
Dynamic Performance of Its Source Converter

Xin Zhang

Abstract—Instability problem is an important issue for dc/dc
conversion cascaded systems (Cascaded system in short). Though
most of the existing stabilization methods can stabilize the whole
system very well, they may ignore their impacts on the dynamic
performance of the original cascaded system. Unfortunately, these
impacts are negative to some extent. Recently, an adaptive-series-
virtual-impedance (ASVI) control strategy has been reported to
address the above problem. It not only can stabilize the cascaded
system via shaping the load input impedance, but also can reduce
itsimpact on the original load converter. However, though the ASVI
control strategy has already greatly reduced its impact on the load
converter, its remaining impact is negative. To solve this problem,
this paper moves the ASVI from the load side to the source side via a
proposed source-side series-virtual-impedance (SSVI) control strat-
egy for the source converter. This SSVI control strategy not only
has the same stabilization function and adaptive characteristics as
the ASVI control strategy, but also improves the performance of
the source converter. In addition, since the SSVI control strategy
is realized by changing the control block of the source converter,
the performance of the load converter is not affected. Therefore,
the SSVI control strategy can be treated as a supplement and ex-
pansion of the ASVI control strategy. Moreover, depending on the
method of realization, the SSVI control strategy can be divided into
the source stabilization methods of the cascaded system. Finally,
a 100 W 48 V=32 V=24 V cascaded system has been fabricated to
validate the proposed control strategy.

Index Terms—Cascaded system, dynamic performance,
impedance control, source-side series-virtual-impedance (SSVI),
stability.
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I. INTRODUCTION

OWADAYS, dc/dc conversion cascaded systems (see

Fig. 1), also known as cascaded systems, are widely used
in space stations, aircraft, ships, hybrid vehicles, communication
systems, and renewable energy systems in the last few decades,
thanks to the flexible system configurations, high efficiency, and
high power delivery capability [1]-[4]. However, the cascaded
system may become unstable due to the interaction between
subsystems even when individual subsystems are stable alone,
which is the well known instability problem of the cascaded
system [5]-[8].

As shown in Fig. 2, the upstream and downstream converters
of the cascaded system are usually called as source and load
converters, respectively. In Fig. 2, Z,5 and Z;; are the output
impedance of the source converter and the input impedance of
the load converter, respectively. It is known that, one of the
instability reasons of the cascaded system is the mismatch be-
tween Z,s and Z;1. As shown in Fig. 2, if the load converter
is controlled as a constant power load, and if the magnitude
of the source output impedance |Z,s| is intersected with the
magnitude of the load input impedance |Z;,| below the voltage
closed-loop cutoff frequency f-, of the load converter, the cas-
caded system is unstable even if the subsystems can work well
individually [9]-[14]. In Fig. 2, f; and f> are the intersection
frequencies of |Z,g| and |Z;1,|. fcs is the voltage closed-loop
cut-off frequency of the source converter, where |Z,s| has its
peak value Z,5p.

Since there is nothing more desirable than a total separation
between |Z,s| and |Z; | to ensure the cascaded system stable,
various solutions have been proposed based on this idea and
can be classified into passive [15], [16], and active [17]-[19]
methods. In[15] and [16], RC and RL dampers were introduced
to reduce the resonant peak of the source output impedance,
so that |Z,g| is less than |Z;1| in the entire frequency range,
and thus the system stability is guaranteed. However, since the
adoption of passive components might lead to significant power
losses, active methods, which are based on advanced control of
the source converter [17], [20] and or the load converter [18], or
adding a power buffer between the source and load converters
[19], are proposed.

Though all the above solutions can fix the instability prob-
lem of the cascaded system, they often ignore their impacts
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Fig. 2. Impedance Bode plots of the unstable cascaded system.

on the dynamic performance of the original cascaded system.
Unfortunately, these impacts are negative to some extent. For
instance, the negative resistor characteristics of the load input
impedance is a potential factors that cause the system unstable;
thus, most existing stabilization methods are aimed at totally
remove the negative resistor characteristics from the load in-
put impedance. However, this negative resistor characteristics is
also an important guarantee of the fast dynamic performance of
the load converter. To solve this kind of contradiction, a family
of load stabilization methods have been proposed. In [21], both
parallel-virtual-impedance (PVI) and series-virtual-impedance
(SVI) control strategies have been proposed to stabilize the cas-
caded system via shaping the load input impedance only in a
specific frequency range. As a result, both the PVI and SVI con-
trol strategies keep most dynamic performance of the original
load converter. In [22] and [23], [24], the adaptive characteris-
tic has been introduced to the PVI and SVI control strategies,
respectively. With the adaptive-PVI (APVI) or adaptive-SVI
(ASVI) control strategy, the load converter can be stably con-
nected to different source converters without changing its inter-
nal structure. Besides, compared to the APVI control strategy,
the ASVI control strategy can make the cascaded system more
stable.

In this paper, a further investigation on the ASVI control strat-
egy is carried out. It is found that, though the ASVI control strat-
egy has already greatly reduced its impact on the load converter,
its remaining impact is negative. In order to fix this problem,
the ASVI has been moved from the load side to the source side
via the proposed source-side series-virtual-impedance (SSVI)
control strategy for the source converter. Since the ASVI has not
been changed, the SSVI control strategy has the same stabiliza-
tion function and adaptive characteristics with the ASVI control
strategy. In addition, since the SSVI control strategy is realized
by changing the control block of the source converter, the per-
formance of the load converter is not affected. Furthermore, the
proposed SSVI control strategy also improve the performance
of the source converter. Therefore, the SSVI control strategy
not only can be treated as a supplement/expansion of the ASVI
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Fig. 3. Two-port network model of the original load converter. (a) Block
diagram. (b) Two-port network model.

control strategy, but also can be treated as an effective source
stabilization methods of the cascaded system.

The rest parts of this paper are organized as follows: the
impacts and limitations of the ASVI control strategy on the load
converter is analyzed and concluded in Section II. Then, the
SSVI control strategy and its impacts on the source converter
have been proposed and discussed in Section III, where the
SSVI control strategy is also compared with the ASVI control
strategy. After that, a 100 W 48 V=32 V=24V cascaded system is
experimentally employed to verify the effectiveness of the SSVI
control strategy in Section IV. Finally, Section V concludes this

paper.

II. IMPACT OF THE ASVI CONTROL STRATEGY ON THE LOAD
CONVERTER VIA TWO-PORT NETWORK ANALYSIS

In this section, the generic two-port network models of the
load converter with/without the ASVI control strategy are first
derived. Then, the impacts of the ASVI control strategy on the
load converter is analyzed by a specific cascaded system.

A. Two-Port Network Model of the Original Load Converter

The small signal block diagram of the original load converter
has been presented at Fig. 3(a), where vy,,s and ip,,5 are the
input voltage and current of the load converter, respectively; v,
and ¢, are the output voltage and current of the load converter,
respectively; dy, is the duty cycle of the load converter; Z;o 1, (s)
is the open-loop input impedance of the load converter; G;o 1, ()
is the open loop 4, to iy, transfer function; G4z () is the dy,
to ipys transfer function; G, (s) is the open loop vp,,s to v,
transfer function; Z,0 1, (s) is the open-loop output impedance
of the load converter; G, 41, (s) is the df, to v, transfer function.
In addition, as shown in Fig. 3(a), a voltage closed-loop has been
utilized for the load converter, where H,, (s) and G, (s) are the
sampling coefficient and voltage regulator transfer function of
the output voltage, respectively; G/ 1, (s) is the transfer function
of the modulator.

According to Fig. 3(a), the generic two-port small signal
model of the original load converter is derived and presented in
Fig. 3(b) [25], where Z;, () is the closed-loop input impedance
of the load converter; G, (s) is the closed-loop load to input
current transfer function of the load converter; G,z (s) is the
closed-loop input to output voltage transfer function of the load
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Fig. 4. Two port network model of the load converter with the ASVI control
strategy. (a) Block diagram. (b) Two-port network model.

converter; Z,,(s) is the closed-loop output impedance of the
load converter. It is known that, the performance of the original
load converter can be fully described by Z; 1, (s) ~ Z, (s) [25],
whose expressions can be derived as follows:

@bus (8)
Zz' = =
1(s) ibuS(S) i (s)=0
_ 1+7T,0(8)]ZioL(5)Grar(s)
Goar(s) =Ty (5)[Guar (5) — Zior(5)Giar (s)Guor (5)]
(D
7A;‘bus(s)
GLL (S) - %0(5) .
. Z(JOL(S)GidL (5) E,’L (S)
L e o R o P S
() Guor(s)
G'UL(S) - ﬁbus(s) 5, (6)=0 1 + TvL (8) (3)
0o (s) Zoor(s)
Z, —= = 4
e 10(5) lay,.(5)=0 S 1+T(s) @

where T, (s) = Hy, (8)Ger (8)Grrr (8)Grar (s) is the loop
gain of the voltage closed-loop of the original load converter.

B. Two-Port Network Model of the Load Converter With the
ASVI Control Strategy

It is known that, in order to stabilize the cascaded system, the
ASVI control strategy has been proposed in [23], which adding
an adaptive virtual impedance Zagsvyi(s) in series with Z; 1, (s) to
increase | Z; 1, (s)| and to avoid the intersection between | Z, 5 ()]
and the shaped |7, (s)|. By Fig. 4(a), this Zasvi(s) can be
realized by an impedance regulator Gasvi(s)

1+T,(s)] P,

Casvi(s) = Zaswi(s) - Giar (<9)qurL(<9)V12 - ®)
Znsus) = 4 ZEO = Zu® el L]
o 0 Fe1f, f
—2K, (27 frc) s ©)

T2 + 227 fre) s+ (271'f(;5)2
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here, Z/1% (s) is the modified Z;z, (s) by the ASVI control strat-
egy, where |Z{1%(s)| > Zysp during (f1, f2) and Z}°(s) =
Zir (s)outside (f1, f2). fre =Max[(fes — f1),(fo — fes))
is the bandwidth at —3 dB cutoff frequency of the Zagvi(s).
During (fos — freos (s)| is equal to [\%
and also equal to | Z}° (j2m fos) — Zir (j2 fes)| [231.

According to Fig. 4(a), the generic two-port small signal
model of the load converter with the ASVI control strategy
is presented in Fig. 4(b), where Z/}° (s), G4%(s), G247 (s), and
Z45 (s) are the improved Z;, (s), Gi(s), Gyr(s), and Z, 1, (s)
by the ASVI control strategy, respectively. Their expressions
can be derived as follows:

O 0 ™20 200 O
5 i
G (s) = vi](?i) io (5)=0
= <GVOL(S) + Ziof@%fi (s)1 T i“r(is))
(1 Ry *
2ot () = j((z)) s ()0
- <ZOOL(S) + GVdLG(ijG{SL(S) = ;(j zs)>
where Ty (s) = Gasvi(s)Giar ()G 1 (5)-

According to (7), the ASVI control strategy indeed adds
Zasvi(s) in series with Z;1 (s) to form the expected input
impedance of the load converter ZiALS (s). According to (6),
|Z:1° ()| is larger than | Z,g(s)],
egy can ensure the system stability.

However, according to (8)—(10), though the ASVI control
strategy has shaped Z;;, (s) to Z/1%(s) to achieve the purpose
of stability, all the transfer functions of the load converter are
actually changed. As shown in Fig. 4(b), all the changed transfer
functions are marked by shadow areas.

C. Impact of the ASVI Control Strategy on the Load Converter

According to Sections II-A and II-B, though the ASVI control
strategy can stabilize the cascaded system by shaping Z; (s),
it in fact changes all the transfer functions of the original load
converter. In order to evaluate the impacts of ASVI control strat-
egy on the load converter clearly, a detailed cascaded system is
taken as an example to aid the analysis in this section. The main
circuit and control block of this example system are depicted in
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Fig. 5. Example system with the ASVI control strategy.

TABLE I
PARAMETERS OF THE EXAMPLE SYSTEM WITH THE ASVI CONTROL STRATEGY

Vin |48V || Vo | 24V || fos|20kHz || Ls | LmH || L, |4504H| Hss, Hy, | 0.1
Vous| 32V || P, [100W| £, [100kHZ| Cs |1 50,8 (| Cp | 220 4F |Grss, G |172.34
2\2
Gy =5+% G, =3.723¢° | £+ 8336
K s+ 6.283¢’
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Fig. 6. Bode plots of the load converter without or with ASVI control strategy.
(a) Z;, (s) and ZiAL*s (s). (b) GiL (s) and GZ.AL‘S (s).(¢) Gy (s) and G;?L‘s ().
d) Z, (s) and ZfLS (s).

Fig. 5. The parameters of the example system are presented in
Table I as well.

According to (1) and (7), Bode plots of Z;; (s) and Z:1°(s)
of the example system are both depicted in Fig. 6(a). It is
shown that, the ASVI control strategy can increase |Z;y,(s)]
during (f1, f2) to ensure a total separation between ‘ZZALS (s)|
and |Z,s (s)|. Therefore, the stability of the cascaded system is
guaranteed. However, it is worthy pointing out that, since the
negative resistor characteristic of Z;, (s) is also removed by
the ASVI control strategy during (f1, f2) [see Fig. 6(a)], the
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ASVI control strategy actually has negative impact on Z;, (s)
from the dynamic performance point of view. It is because that
though the negative resistor characteristic of Z;; (s) is a bad
news to the cascaded system stability, it is a natural guarantee
of the constant power load characteristic for the load converter,
which also can ensure the fast dynamic performance of the load
converter. The more detailed explanations can be found in the
Appendix-A.

According to (2) and (8), Bode plots of Gz, (s) and G1° (s)
of the example system are both depicted in Fig. 6(b). As seen,
G475 (s) changes the original characteristic of the G, (s) during
(f1, f2), but the effect is very small and can be ignored.

According to (3) and (9), Bode plots of G,z (s) and G727 (s)
of the example system are both depicted in Fig. 6(c). As seen,
|G15 (s)] is larger than |G, (s)| at lower frequency. The ex-
pression of G, 1 (s) is as follows:

A ()
G’UL (S) - ﬁbus(s) %0<S>:0

(11)

where 0, (), T,us (5), and 7, () refer to the disturbance of v, (s),
Upus($), and 4, (), respectively.

According to (11), the straightforward definition of G, 1, (s) is
the ratio of 0, (s) to Gy (s) When i, (s) = 0. According to (11),
if a disturbance happened on the v},,5(s), this disturbance will
transfer from wvp,5(8) to v, (s) via G, (s). Therefore, a larger
|G, 1 (s)| means the v, (s) is sensitive and easily be affected by
the vyus(s). In other words, |G, (s)]| is inversely proportional
to the suppression ability of v, to the disturbance of vy,,,5, and
the larger |G, (s)| the worse suppression ability of v, to the
disturbance of v},,5. According to Fig. 6(c), since the ASVI
control strategy increases |G, 1, (s)| at lower frequency, the ASVI
control strategy has negative impacts on G, ().

According to (4) and (10), Bode plots of Z, (s) and Z4°(s)
of the example system are both depicted in Fig. 6(d). Similar
with |G27 (s)|, | 227 (s)] is larger than |Z, (s)| at lower fre-
quency. Since a higher |Z, (s)| also means a worse dynamic
response from v, to i,, the ASVI control strategy has nega-
tive impacts on Z,, (s). More discussions about the negative
impact of the ASVI control on the Z,/,(s) can be found in In
Appendix-B.

It is worthy mentioning that, both |G;'7 (s)| and |Z2° (s)|
should be only larger than |G, 1, (s)| and | Z,, (s)| during (f1, f2)
according to the theory of the ASVI control strategy [23].
However, in practice, |G (s)| and | ZZ}® (s)| may larger than
|Gy (s)] and |Z, 1, (s)| outside of (f1, f2) as well. It can be
explained as follow: though the input impedance regulator of
the ASVI control strategy Gagyi(s) is suggested to be zero
outside of (fi, fa), it is actually realized by a nonidea resonant
controller whose magnitude is very close but not equal to zero
outside of (f1, f2). Therefore, Gagyi(s) cannot totally remove
its impact on the load converter outside of (fi, f2). As a result,
if the magnitude of the original G, (s) and Z,, (s) is already
very small outside of (f;, f2), their magnitude may be increased
outside of (f1, f2) by the ASVI control strategy.

In summary, though the ASVI control strategy can stabi-
lize the cascaded system by shaping Z,, (s), it affects all the
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transfer functions and may deteriorate the characteristics of
Zir(s), Gyr(s), and Z, 1 (s). This is the limitation of the ASVI
control strategy.

III. PROPOSED SSVI CONTROL STRATEGY

A. Concept of the SSVI Control Strategy

As shown in Fig. 7, the ASVI control strategy adds Zagyi(s)
in series with Z;;, (s) to form the final load input impedance
7% (s) and ensures | Z{;% (s)| always larger than |Z,g(s)] to
stabilize the cascaded system. However, as discussed above, the
ASVI control strategy deteriorates the performance of the load
converter. In order to solve this problem, the Zx sy1(s) is moved
from the load side to the source side by changing the control
block of the source converter instead of the load converter. To
distinguish it from the ASVI control strategy, this proposed
solution is called as SSVI control strategy.

Asdepictedin Fig. 7, since Zagvi(s) isinaseries with Z; (s)
and Z,g(s) simultaneously, the SSVI control strategy has the
same stabilization function and adaptive characteristics as the
ASVI control strategy. The only difference between the SSVI
and ASVI control strategies is in their physical concepts: the
ASVI control strategy keeps a total separation between | Z, 5 ()]
and | Z; 1, (s)| by increasing | Z;z, (s)|, but the SSVI control strat-
egy realizes this separation by decreasing |Z,g(s)|. However,
in later sections, it will be shown that, just this small difference
helps the SSVI control strategy to overcome the drawback of the
ASVI control strategy, i.e., not deteriorating but in fact improv-
ing the performance of the source converter without bringing
any impact to the load converter when stabilizing the cascaded
system.

The small signal control block of the original source converter
has been presented in Fig. 8(a). v;, and ¢;, are the input volt-
age and current of the source converter, respectively. dg is the
duty cycle of the source converter. Z;o g (s) ~ G5 (s) have the
same definitions with Z;o 1, (s) ~ Gy (s) in Fig. 3(a), where
the only difference is the subscript S represents the source con-
verter, but the subscript L represents the load converter. As with
the dotted line in Fig. 8(a), the intuitive way to add Zagvi(s)
in series with Z,¢(s) is introducing Zxgvi(s) between Thus
and —dy,5 directly. However, this method cannot be achieved
by control directly. In order to address this issue, the output
of Zasvi(s) is moved to the output of G.g(s) and equivalent
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Fig. 8. Proposed SSVI control strategy and its algorithm. (a) Control block.
(b) Algorithm.

adjusts the transfer function to Gsgvi(s), as shown with the
dot-dashed lines.

According to Fig. 8(a), if Gssvi(s) is required to realize
Zasvi(s), the following relationship is in force:

1

_ibusZASVI (3) - 7;’bus GSSVI(S)G]WS (S)G'UdS (5) m
(12)
where T,5(s) = H5(5)Ges(8)Gars(s)Guas(s) is the loop
gain of the voltage closed-loop of the original source converter.
According to (12), the expression of Gsgyi(s) can be derived
as follows:

1+ TvS (S)

Gssvi(s) = Glas(8)Gars(s)

—Zasvi(s) - (13)

Up to this point, Fig. 8(a) presents the fully controlled block
of the proposed SSVI control strategy.

The proposed SSVI control strategy can be implemented by
the digital signal processor (DSP) TMS320F28335. The mech-
anism for this is presented in Fig. 8(b), with both vy,,s and 41,5
sampled to provide the necessary information for the SSVI con-
trol strategy and the output voltage regulation. The algorithm
obtains the modulation signal by adding the output of G'sgvi(s)
to the output of G.s(s), and then generates dg by pulsewidth
modulation module.
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Fig. 9.
strategy.

Two-port network model of the source converter with the SSVI control

B. Impact of the SSVI Control Strategy on the Source
Converter via Two-Port Network Analysis

According to Fig. 8(a), the generic two-port small signal
model of the source converter with the SSVI control strategy
has been presented in Fig. 9. Z;s(s) is the closed-loop input
impedance of the source converter; G;g(s) is the closed loop
load to input current transfer function of the source converter;
G, (s) is the closed loop input to output voltage transfer func-
tion of the source converter; Z,s(s) is the closed-loop output
impedance of the source converter. Z:%° (s), G225 (s), G55 (s),
and Z59(s) are the improved Z;s(s), Gis(s), Gys(s), and
Z,s(8) by the SSVI control strategy, respectively. Their expres-
sions can be derived as follows:

23§ (5) = Tl
tin (8)

= Zis(s)
gbus(s):()

_ 1+ T,s(5)]Zios(5)Guas(s)

Goas(s) = Tus(8)[Guas(s) = Zios (5)Gias (5)Guos ()]

(14)
G (s) = siin(s) =Gis(s) + Gisa(s)
Zbus(s) Bin (5)=0
A _ Zo05(8)Glias(s) Tys(s)
- {G“)S(S) Goas (5) 1+Tug(s)}
Tis(s)
T4 105 (s) (1
SS o ﬁbus(s) o o GUOS(S)
Gs (S) B @in(s) ibus(s)=0 B GUS(S) 1+ Tys (5) (16)
755 (s) = — 2us(®) — Zys(s) + Zasvils)
ibus ($) Bin (5)=0
[ Zoos(s)
= [1 +Tv5(8)] + Zasvi(s) (17)

where TIS (S) = GSSVI(S)GidS (S)GMS (S)

According to (17), the SSVI control strategy adds Zagvi(s)
in series with Z, () to form the final output impedance of the
source converter Z5¢ (s). According to Fig. 7, the SSVI control
strategy realizes the same stabilization function with the ASVI
control strategy, thus, the SSVI control strategy can guarantee
the stability of the cascaded system. According to (14) and
(16), the SSVI control strategy keeps the original characteristic
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G5 (s). (d) Z,s(s) and Z5¢ (s).

of Z;s(s) and G,5(s). According to (15), the SSVI control
strategy changes the original characteristic of G;g (s). In Fig. 9,
the changed transfer functions are also marked by dash borders.

As with the ASVI control strategy, in order to evaluate the
impact of the SSVI control strategy on the source converter
clearly, the same detailed cascaded system is utilized to aid
the analysis in this section. The only difference is that this
example system utilizes the SSVI control strategy instead of the
ASVI control strategy. The main circuit and control block of the
example system with the SSVI control strategy are depicted in
Fig. 10. The parameters of this example system can be found in
Table I.

According to (14) and (16), Bode plots of Z;5(s) and Z: (s)
and G5 (s) and G5 (s) of the example system are depicted in
Fig. 11(a) and (c), respectively. It can be observed that the
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SSVI control strategy does not make any changes to Z; 5 (s) and
G’US (5)

According to (15), Bode plots of G;s(s) and G4 (s) of the
example system can be plotted and presented in Fig. 11(b). The
SSVI control strategy increases the amplitude of G;g(s) at a
higher frequency. The expression of G;g (s) is as follows:

Gus(s) 2 )
Thus (3)

(18)

ﬁin (S):()

where i, (s), %bus(s), and 0;, (s) refer to the disturbance of
iin (), Thus (), and vy, (), respectively.

According to (18), the straightforward definition of G;5(s) is
the ratio of 7;,, (s)to Tbus (s) when vi, (s) = 0. According to (18),
if a disturbance happened on the ip,(s), this disturbance will
transfer from iy,,5(s) to 4, (s) via G;s(s). Therefore, a larger
|Gis (s)| means the 7, (s) is sensitive and easily be affected by
the ipus($). In other words, |G;g(s)| is inversely proportional
to the suppression ability of ¢, to the disturbance of i}, and
the larger |G;5(s)| the worse suppression ability of i;, to the
disturbance of 41,,5. Therefore, according to Fig. 11(b), the SSVI
control strategy has a negative impact on G, (s). However, it
is worth mentioning that, since the SSVI control strategy only
increases |G;5(s)| on the high frequency range, this impact is
very small in practice.

According to (17), Bode plots of Z,s(s) and Z5 (s) of the
example system are depicted in Fig. 11(d). The SSVI control
strategy decreases |Z,s(s)| in the whole frequency range to
avoid the intersection with |Z;, (s)|. Therefore, the stability of
the cascaded system is guaranteed. In addition, since Z,g(s)
is the closed-loop output impedance of the source converter,
the smaller |Z,s(s)| the better source dynamic performance.
Hence, the SSVI control strategy also has positive impact on
Z,s(s) from the source performance point of view.

In summary, the SSVI control strategy can stabilize the cas-
caded system by reducing | Z,s (s)|. It has no impact on Z;g ()
and G, (s), a negligible negative impact on G;¢(s) and a pos-
itive impact on Z,g(s).

C. Inherent Adaptive Characteristics of the SSVI
Control Strategy

It is known that, adaptive characteristics is also one of the
attractive advantages of the ASVI control strategy. As shown
in Fig. 12(a), this characteristics can help the load converter
find fog automatically according to different source convert-
ers, where fcg is the frequency of the peak output impedance
of the source converter, which is an unknown information to
the load converter [23]. However, though f-g is unknown to
the load converter, it is a known information to the source con-
verter. Therefore, as shown in Fig. 12(b), for the SSVI control
strategy, it does not need any additional control strategy to find
fcos adaptively, but also can use the known fog to shape the
source output impedance directly. In other words, the adaptive
characteristics is also an inherent characteristics of the SSVI
control strategy.
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Fig. 13.  Stability region of both SSVI and ASVI control strategies.

It is also worthy pointing out that, the SSVI control strat-
egy does not need to care about the variety of the load input
impedance with the changing of the load converter. It is be-
cause that, no matter how the load converter changes, its input
impedance has the same negative resistor within the control

bandwidth: —”}z,% (As shown in Fig. 2).

D. Stability Region of the SSVI Control Strategy

According to Fig. 7, both the SSVI control and ASVI control
actually adds the same additional impedance Zagvyi(s) to the
same position to stabilize the system. Therefore, both the SSVI
control strategy and ASVI control strategy have the same stabi-
lization function. Then, refer to the analysis in [23], the stability
region of both SSVI and ASVI can be depicted in Fig. 13.

InFig. 13, Z,5p is the peak value of Z,5; GM is the required
system stability gain margin whose unit is dB; P, is the system
output power; v}, is the system bus voltage. Max (P(, / V}fus) I
is equal to P,/ VbQM, where P,,; and Vj); are the maxi-
mum power and the minimum input voltage of the load con-
verter, respectively. Min (Vi2/P,), = Vi3, /Poar. According
to Fig. 13, the stability requirement of selecting Zasvi(s) can
be summarized as follows:

y 2

Zow(i2n )| > Zosr 109 — (B2 ) 7 e, ] 09
where f; and fo> are the intersection frequencies of the ampli-
tude of the original source output impedance and the original
load input impedance [23], respectively. Obviously, for cascaded
system, during [ f1, f2], a higher |Z5gv1| can always be found
to meet the requirement of (19). In other words, no matter the
SSVI control or ASVI control, they always can find suitable
Zasvi(s) to stabilize the cascaded system.
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TABLE II
COMPARISON FOR ASVI AND SSVI CONTROL STRATEGIES

Affected converter Z,'(// S)(S) G,'(// S)(S) G.-(L 5)(5) Z{,([‘ g)(S)
ASVI| Load converter | Negative |Little change| Negative [Negative
SSVI| Source converter [No change|Little change|No change| Postitive
Cascaded system | Adaptive or not? Evaluation
ASV] Stable Adaptive .
SSVI Stable Adaptive SSVI is better than ASVI
. S (T R i
v, : M
in T R
H N Vo Ld
@T | D 15,760
R
([ PWM s AN 7y
Vo @l 32V-24V, 100W
: I l Load converter
(e Digital control
- OEED
Fig. 14. Experimental system.

E. Comparison Between the ASVI and SSVI Control Strategies

By Figs. 6, 11, and 12, both the impact of the ASVI control
strategy on the load converter and the impact of the SSVI control
strategy on the source converter are concluded and compared in
Table II. It is shown that, the SSVI control strategy not only has
the same stabilization function and adaptive characteristics as
the ASVI control strategy, but also has a more positive impact
on the original cascaded system than the ASVI control strategy.
From this point of view, the SSVI control strategy is superior to
the ASVI control strategy.

However, the proposed SSVI control strategy is not perfect, it
also suffers some limitations. First, it needs an additional current
sensor to sensor the load current, which may increase the cost.
Then, if the source converter is an input filter instead of a real
power converter, the SSVI control method cannot be employed
due to no duty cycle to be regulated. Therefore, the proposed
SSVI is more suitable for the application whose source stage is
source converter instead of input filter. It is worthy to explain
that since the SSVI control method is a “control” method, it
cannot do any action on the passive input filer. It is the common
limitation for all the control-oriented stabilization methods. So,
if we met a unstable cascaded system whose source stage is a
passive input filter, we recommend the engineer to use passive
damping method to shape the output impedance of the input
filter [15] or use our previous proposed ASVI control method
[23] to sharp the input impedance of the load converter.

IV. EXPERIMENTAL RESULTS

A. Experimental Verification of the Proposed SSVI
Control Strategy

In this section, the example cascaded system presented in
Fig. 14 is fabricated to validate the SSVI control strategy. Its
circuit, control block, parameters, and Bode plots can be found
in Section III-B, and will not be repeated here. It is worthy
mentioning that, as shown in Fig. 14, to make the verifica-
tion more available, the source converter is controlled by DSP

5861

G008 NoiseFiter
|ARaasnanas

Vi [20V/div]

i [SA/iv]

T [20V/div]
io:[SA/div]

P
Time:[40ms/div}

Y A J0m0Y
[1] J@ns s T

(a)
G082 Nise it ey f

38 AV ARVt T

ek t

384V A8Vt T

600kH Nose Fiter
T T T

Vi [20V/div] Viis:[20V/div]

o i [5A/div] o i c[5A/div]
R R 'v',,:;'[fz'fd'\'/'/kii%}j p 20V /div
i,:[5A/div] i:[5A/div]
B Time:[10ms/div]; o Time:[10ms/div]
@ [ soie wa < @ [ sorje Jw <o
F o | ] Jesns ) [5 0 J@rs s
(b) (©)
Prey . ; . 5 £ : . 6““‘“1 Mmse‘Fiw ey . ; ; . gt 5 . m,mmlma
W 1% . W 10W- :
OW100W—si , :20V/div] L00W10W=—t . c20V/div]
i [5SA/div :
o /‘g"}{”;,’;‘”[m ] Dt i [5A/div]
- V20V /div] _ T [20V/div]
: i [SA/div]
o Time:[10ms/div];

Fig. 15. Experimental waveforms of the cascaded system with the SSVI
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when Vi, : 48 V— 38.4 V. (e) Dynamic waveforms when P,: 10 W— 100 W.
(f) Dynamic waveforms when P,: 100 W— 10 W.

TMS320F28335 to realize the SSVI control strategy, but the
load converter is a special custom power module from TRACO
POWER company whose control circuit is already internally
integrated and can not be changed.

The experimental results of the cascaded system with the
SSVI control strategy are given in Fig. 15. As shown in
Fig. 15(a), this cascaded system is unstable without the SSVI
control strategy. After enabling the SSVI control strategy, the
cascaded system becomes stable. This phenomenon is also con-
sistent with Bode plots in Fig. 11(d). The input voltage dynamic
waveforms of the cascaded system with the SSVI control strat-
egy at full load are presented in Fig. 15(b) and (c). In Fig. 15(b),
the input voltage of the cascaded system changes from 80% rated
voltage (38.4 V) to 100% rated voltage (48 V). In Fig. 15(c),
the input voltage of the cascaded system changes from 48 to
38.4 V. It indicates that the SSVI control strategy can work well
during any input voltage changes. The load dynamic waveforms
of the cascaded system with the SSVI control strategy at rated
input voltage are presented in Fig. 15(d) and (e). In Fig. 15(d),
the load of the cascaded system changes from 10% full load
(10 W) to 100% full load (100 W). In Fig. 15(e), the load of the
cascaded system is changing from 100 to 10 W. It also indicates
that the SSVI control strategy can work well during any load
changes.
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Fig. 17. Dynamic waveforms of the source converter with the SSVI control
strategy. (a) Vip: 38.4-48 V. (b) Vi,: 48-38.4 V. (c) P,: 10-100 W. (d) P,:
100-10 W.

The dynamic experimental waveforms of the source converter
with/without the SSVI control strategy are shown and compared
in Figs. 16 and 17, respectively. As seen, with the SSVI control
strategy, the input voltage dynamic performance of the source
converter is the same as its original performance, which verifies
that the SSVI control strategy does not have any impact on
Z;s(s) and G, ¢ (s). Besides, according to Figs. 16 and 17, with
the SSVI control strategy, the load dynamic performance of the
source converter is better than its original performance, which
verifies that the SSVI control strategy has a positive impact
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TABLE III
MAIN CIRCUIT PARAMETERS OF THE HIL SYSTEM

’ Vz ‘ Vbus ‘ Vo ‘ Po ‘ fsS ‘
48V 32V 24V 100W | 20kHz
fsL Lys Crs Lyyp, Crr

20kHz | bmH | 2200pF | 2mH | 470uF

on |Z,s(s)| and a negligible impact on G5 (s). Therefore, the
dynamic performance of the source converter becomes better
with the SSVI control strategy.

It is worth to mention that since the topology, circuit param-
eters and control circuit of the the experimental system of this
paper are different with the studied system in [21], the dynamic
performance results in this paper is hence different with the
results in [21] as well.

According to Fig. 15-17, the SSVI control strategy not only
stabilizes the cascaded system, but also improves the perfor-
mance of the source converter, as well as does not bring any
impact to the load converter.

B. Experimental Comparison of the Proposed SSVI Control
Strategy and the ASVI Control Strategy

In the above part, the load converter bought a real power
module from the TRACO POWER company to test the actual
effectiveness of the proposed SSVI control strategy. However,
since its internal control structure cannot be changed due to the
module package, the SSVI control method can not be compared
with the ASVI control method on the same system. Therefore, in
this part, another hardware-in-the-loop (HIL) experimental sys-
tem has been built and both the ASVI and SSVI control methods
have been compared. The parameters of the experimental sys-
tem are given at Table III. Figs. 19-22 show the experimental
results.

The picture of the HIL system is shown in Fig. 18(a). The
schematic diagram of the HIL system is also presented in
Fig. 18(b). As seen, the HIL system can be divided into two
parts: main circuit part and control part. The main circuit part
is realized by the real-time simulator OP5600 whose time step
is 20 ps. The control part is realized by the hardware controller
dSPACE 1202 (Microlab Box), whose sampling rate is 20 kHz.
The main circuit part sends the information of iy, Vpus, and v,
to the control part. The control part sends the duty cycle infor-
mation dg and dj, to the main circuit part. Finally, the OP5600
sends the test waveforms to the oscilloscope. It is worthy to
mention that, compared to the regular time-domain simulation,
the HIL system contains the following different things, first, the
control parts are realize by real hardware controller—dSPACE
1202 (Microlab Box) and, second, the main circuit part is real-
ized by real-time simulator OP5600, which can closely mimic
the actions of the real power plant part.

Fig. 19 shows the dynamic waveforms of the SSVI-control-
based system when the load is changing between 10 and
100 W. Fig. 20 shows the dynamic waveforms of the ASVI-
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Fig. 18. Hardware-in-the loop system. (a) Picture of the HIL system.
(b) Schematic diagram of the HIL system.
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Fig. 19. Dynamic waveforms of the SSVI-control-based system when the
load is changing between 10 and 100 W. (a) From 10 to 100 W. (b) From 100
to 10 W.
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Fig. 20. Dynamic waveforms of the ASVI-control-based system when the
load is changing between 10 and 100 W. (a) From 10 to 100 W. (b) From 100
to 10 W.

control-based system when the load is changing between 10
and 100 W. Fig. 21 shows the dynamic waveforms of the
SSVI-control-based system when the input voltage is changing
between 38.4 and 48 V. Fig. 22 shows the dynamic waveforms
of the ASVI-control-based system when the input voltage is
changing between 38.4 and 48 V. It can be seen that, the SSVI-
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Fig. 21. Dynamic waveforms of the SSVI-control-based system when the
input voltage is changing between 38.4 and 48 V. (a) From 38.4 to 48 V.
(b) From 48 to 38.4 V.
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Fig. 22.  Dynamic waveforms of the ASVI-control-based system when the
input voltage is changing between 38.4 and 48 V. (a) From 38.4 to 48 V.
(b) From 48 to 38.4 V.

control-based system indeed has better dynamic performance
than the ASVI-control-based system.

V. CONCLUSION

The ASVI control strategy is further investigated in this pa-
per. It is understood that though the ASVI control strategy can
stabilize the cascaded system and limit its impact on the load
converter in a specific frequency range, it brings negative im-
pacts to the load converter. In order to solve this problem, the
SSVI control strategy is proposed. The SSVI control strategy
moves the ASVI from the load side to the source side by chang-
ing the control block of the source converter instead of the load
converter. As a result, the SSVI control strategy not only has
the same stabilization function and adaptive characterises as the
ASVI control strategy, but also improves the performance of the
source converter. In addition, since the SSVI control strategy is
realized by changing the control block of the source converter,
the performance of the load converter is not affected. Therefore,
the SSVI control strategy is an improvement on the ASVI con-
trol strategy. Moreover, the SSVI control strategy also can be
treated as a source stabilization methods of the cascaded system.
Finally, the proposed SSVI strategy has been experimentally
verified on a 100 W, 48 V=32 V-24 V cascaded system.

For the future work, how to apply the proposed SSVI con-
trol strategy from the typical cascaded system application to
the dc-bus-based multiple converters system application will be
studied. In this case, the big challenge is that any centralized
or distributed converter configuration for supplying this dc bus
cannot include any virtual series impedance adapted for one spe-
cific load since this could interfere with the operation of other
loads or sources connected to the same bus. Our future aim is to
solve the above-mentioned challenge.
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APPENDIX A
NEGATIVE IMPACT OF THE ASVI CONTROL ON THE INPUT
IMPEDANCE OF THE LOAD CONVERTER

First of all, the negative resistor characteristics of the load
input impedance Z;, (s) is explained as follows.

If a dc/dc converter controls its output voltage (V) and de-
signs its closed loop very well, its output voltage will be always
equal to its reference voltage. In other words, if the load resistor
(Rjoaq) of this dc/dc converter is constant, then its output power
(P,)is constant (P, = V;Q / Ri0aa)- This is why closed-loop con-
trolled dc/dc converter also be called as constant power load. In
addition, when we design the dc/dc converter, usually assume
or try to make its output power is equal to its input power to
achieve high efficiency, i.e.,

Po = })in = V;nIin (20)

where Vi, and [;,, are the input voltage and current of the dc/dc
converter.

If the disturbances are added on the (20), it can be derived
that

Po +pAo = (‘/in + UiAn) (Iin + i;u) . (21)

Since the dc/dc converter is a constant power load, then it can
be obtained
Po = 0. (22)

Substituting (22) to (21) and ignore the second-order distur-
bance, it can be obtained that

Po = VvinIin + V{niiAn + viAnIin~ (23)
Substituting (20) to (23), it can be obtained that
U3 %
Zip & = = -, 24
g Z'in PO ( )

According to (20)—(24), it can be seen that if a dc/dc converter
has a good output voltage closed loop, its input impedance is
a negative resistor whose value is equal to the value in (24).
Therefore, the negative resistor is a natural guarantee of the
constant power load characteristics of the load converter, which
also means fast dynamic performance. In other words, thought
the negative resistor characteristics is not a good new for the
cascaded system stability, it is beneficial to the dynamic perfor-
mance of the load converter.

Hence, since ASVI control makes the input impedance of the
converter become positive resistor during f; and fo, it actually
brings negative impact on the output voltage closed loop. In
order to show this negative impact in a straightforward way,
Figs. 23 and 24 show the time domain simulation results of
the load converter without/with the ASVI control method in
Table I when its input voltage is changing between 25.6 V
32V x0.8)t038.4V (32 V x 1.2). It can be seen that, the ASVI
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Fig. 23. Dynamic time domain simulation waveforms of the load converter
without ASVI control when its input voltage is changing between 25.6 and
38.4 V. (a) From 38.4 to 25.6 V. (b) From 25.6 to 38.4 V.
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Fig. 24. Dynamic time domain simulation waveforms of the load converter
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(a) From 38.4 to 25.6 V. (b) From 25.6 to 38.4 V.

control strategy brings longer setting-time to the load converter
and reduces its dynamic response speed when the input voltage
is changing. In addition, it also can be seen that, the ASVI
control strategy reduces the overshoot of the load converter when
the input voltage is changing. The above phenomenon can be
explained in conjunction with the input impedance Bode plot of
the load converter as shown in Fig. 6(a). According to Fig. 6(a),
the ASVI control brings two impacts to the input impedance
of the load converter, first, reduce the bandwidth and, second,
make the input impedance characteristics change from negative
resistor to positive resistor within a certain frequency range. So,
reduce bandwidth means slower dynamic response speed and
positive resistor means increased system damping and smaller
overshoot.

APPENDIX B
NEGATIVE IMPACT OF THE ASVI CONTROL ON THE OUTPUT
IMPEDANCE OF THE LOAD CONVERTER

According to the definition of output impedance, the expres-
sion of Z,,(s) can be expressed as

Zop £ 0, iy, (25)
By (25), it can be obtained that
Vo = Zor, o (26)

According to (26), it can be seen that, if a disturbance hap-
pened on the load, the corresponding disturbance will occur
on the output voltage through the output impedance. In other
words, if the amplitude of the output impedance is larger, the
disturbance transfer from the load to the output voltage will be
bigger, otherwise, the disturbance will be smaller. Therefore,
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Fig. 25. Dynamic time domain simulation waveforms of the load converter

without ASVI control when its load is changing between 10 and 100 W.
(a) From 100 to 10 W. (b) From 10 to 100 W.
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Fig. 26. Dynamic time domain simulation waveforms of the load converter

with ASVI control when its load is changing between 10 and 100 W. (a) From
100 to 10 W. (b) From 10 to 100 W.

the following conclusion can be obtained: “higher | Z,, (s)| also
means a worse dynamic response from v, to ¢,.”

Since the ASVI control method increases the amplitude of the
output impedance of the load converter, it actually makes the
output voltage of the load converter is more sensitive to the load
changing, which is a negative impact according to the above
analysis. In order to show this negative impact in a straightfor-
ward way, Figs. 25 and 26 show the time domain simulation
results of the load converter without/with the ASVI control
method in Table I when its load is changing between 10 to
100 W. It can be seen that, the ASVI control worse the dynamic
performance of the load converter when its load is changing.
The above phenomenon can be explained in conjunction with
the input impedance Bode plot of the load converter as shown in
Fig. 6(d). According to Fig. 6(d), the ASVI control strategy to-
tally increased the amplitude of the output impedance of the load
converter at the low frequency range. Since the load converter
is a dc/dc converter whose output voltage is a dc value (0 Hz),
the low frequency characteristic of the load output impedance
actually determines the main performance. Thus, as shown in
Figs. 25 and 26, the ASVI give a poorer dynamic response on
both setting time and overshoot when the system is exposed to
a load step.
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