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SPICE-Based Circuit Analysis of Power
Flow Coupling Effect in Double-Input Cuk—Buck
DC-DC Converters

Hao Zhang ", Member, IEEE, Jiao Gao

Abstract—An equivalent simulation program with integrated
circuit emphasis (SPICE) based circuit is derived from the proposed
small-signal averaged model of double-input Cuk-Buck dc—dc con-
verter so that the power flow coupling effect amongst input/output
ports is easy to be analyzed in terms of circuit theory rather than
pure mathematics. Based on the equivalent SPICE-based circuit,
common mode and differential mode power flow decomposition is
presented to unveil the power flow coupling between three ports,
and furthermore benefits frequency response analysis. It is shown
that common mode perturbation analysis reveals the power flow
coupling amongst input and output ports, whereas differential
mode perturbation analysis does the power flow coupling between
input ports. Meanwhile, the explanation of circuit knowledge is
provided for power flow coupling effect. Particularly, it is found
that the occurrence of the pseudo resonant phenomenon is the
result of counteract effect of the common mode and differen-
tial mode components in power mismatched condition. Besides,
the application of frequency-selective decoupling is proposed to
weaken the power flow coupling between ports. Finally, theoretical
analysis is verified by experimental ones. These results are useful
to understand coupling effects in multiple-input converters and
provide a guidance to the controller optimization and engineering
application.

Index Terms—Common mode, coupling effect, differential mode,
double-input dc-dc converter, frequency-selective decoupling,
power flow, resonance, simulation program with integrated circuit
emphasis (SPICE) based circuit.
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1. INTRODUCTION

HE increasing attraction of renewable energy promotes the

development of power conversion technologies for such
resources in the past decades [1], [2]. Due to the intermittency
and volatility of the renewable sources such as wind and solar,
they are usually artificially connected to harness the full power
generation capacity and maintain the continuous power supply
for the load [3]. This transpires the development of multiple-
input converters (MICs), which combine several standalone
power converters for various power sources into one single
power stage with integrated multiple input ports. Owing to the
advantages of less components, lower cost, more compact size
and better dynamic performance, various kinds of multiple-input
converter have been proposed for different power conversion
applications in those past years [4]-[6].

Due to the requests of low cost and compact size in MICs, the
input ports must share a common output buffer to transfer power
to the load simultaneously. Therefore, all the input ports are
coupled with each other via the output buffer, and MICs present
many unmanageable features such as richer topology, more
diverse operating modes and more complex coupling effects due
to the interaction between the input ports, which undoubtedly
poses a great challenge to the modeling, analysis and design
of such converters [7]-[10]. In order to meet the increasingly
demanding requirements for the power management and better
dynamic performance, together with system coupling analysis,
many researchers have devoted themselves into the design of
decoupled control methods [11]-[13]. Decoupling matrix is an
effective method to deal with the coupling effect of control
loops, which transforms the original transfer function matrix
into a diagonal matrix. As a result, the coupling effect of the
system can be suppressed and the regulators can be designed
independently [14], [15]. Nonlinear adaptive controllers such as
one-cycle controller and Lyapunov-based nonlinear controller
are also practical solutions to simplify the design procedure of
the controller for MICs, which adaptively against disturbances of
the state variables and improve the dynamic response [16]-[18].
Moreover, an improved switching strategy is presented in [19] to
transform an MIC into an equivalent single-input single-output
system for analysis, which simplifies controller design and im-
plementation. However, the previous mentioned works till relies
on those abstract mathematical models so that the explanation
of circuit knowledge is rarely provided for power flow coupling
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effect, e.g., pseudo resonant frequency occurs. This becomes a
barrier for guiding the controller optimization and engineering
application.

During the operation of the MIC, the system inevitably suffers
from a great variety of disturbances, e.g., input source harmonic
perturbation. During these processes, the system may be subject
to overvoltage, overcurrent, and complex nonlinear behaviors,
which leads to the increase of device stress and the shortening
of device lifetime. Moreover, harmonics perturbation may cause
local parallel resonant or series resonant, which will amplify
the harmonics, greatly aggravate the harm, and even cause
serious accidents. Particularly, compared with the single-input
single-output (SISO) converters, MICs always emerge more
special resonant points within half-switching frequency [20]-
[22]. These resonant points may lead to drastic variations in
frequency response and greatly affecting the electromagnetic
interference levels of the system [23], which may threaten the
stability and reliability of the converter and even making the
system collapse. Unfortunately, although the frequency response
of MICs is obtained only by numerical methods in many previous
works, the analysis of resonant points has not been reported yet.

In general, the presence of a resonant point implies that the
coupling degree of some energy storage elements increases
rapidly, which causes a dramatic change in the direction or
magnitude of some specific power flows in the system. Unlike
SISO converters, the MICs (such as double-input converters)
consist of at least two input sources, i.e., there may exists power
flow from one input port to another during some disturbance,
which may generate an equivalent circulating current from one
input port to the other [24]. The circulating current is frequently
observed in modular multilevel converter (MMC), which is
caused by variations of arm capacitor voltages [25], [26]. The
orthogonal decomposition and the equivalent circuit model are
effective ways to explore the mechanism of the circulating
current [27]. Interestingly, regarding each arm as an independent
voltage source, the structure of MMC is similar with that of the
MICs, which is of important reference value in the analysis of the
coupling effect of input ports in MICs. Therefore, it is of great
significance to find a way to explore the power flow coupling
effect in MICs from the view of circuit knowledge.

Taking the double-input Cuk—Buck dc—dc converter as an ex-
ample, the power flow decomposition method will be employed
to explore the physical mechanism of power flow coupling
amongst input/output ports. The rest of this article is organized
as follows. Section II will illustrate the system description.
Then, the equivalent simulation program with integrated circuit
emphasis (SPICE) based circuit of the converter will be derived
from the proposed small-signal averaged model and the power
matched condition will be given. In Section III, first, based
on the equivalent SPICE-based circuit, the common mode and
differential mode decomposition will be proposed to perform
frequency response analysis. Furthermore, the resonant points
and coupling characteristics with respect to system parame-
ters will be obtained. Besides, the mismatched condition is
discussed, and the mechanism of the pseudo resonant will be
provided. In Section IV, the application of frequency-selective
decoupling will be introduced to realize the decoupling at the
resonant points. Some experimental results will be performed to
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Fig. 1.  Schematic diagram of the double-input Cuk—Buck dc—dc converter.

verify the theoretical and numerical ones in Section V. Finally,
Section VI concludes this article.

II. SYSTEM DESCRIPTION AND SPICE-BASED CIRCUIT
A. System Description

The power stage of the double-input Cuk—Buck dc—dc con-
verter is shown in Fig. 1. The Cuk-type input port 1# consists
of a power MOSFET S1, a diode V Dy, an inductor I,; and a
capacitor C7 in order that the output voltage can expand to a
wide range, i.e., both step-up and step-down voltage of the input
voltage Vi1 can be obtained. The Buck-type input port 2% is
composed of a power MOSFET Sy and a diode V D5 so that it
can only provide step-down voltage. The two voltage source
ports transfer the input power to the load resistor Ry, separately
or simultaneously via the shared voltage output buffer, which
contains the inductor L¢ and the capacitor Ct. Here, let both
L, and Ly operate under continuous conduction mode, and
all the components are assumed to be ideal, then S; (S3) and
V' Dy (V Dy) turn ON and OFF complementarily. Therefore, four
possible circuit topological configurations will exist within one
switching period, the detailed differential equations of each
topological mode are given as follows.

Configuration 1: Sy is ON, V D is OFF, S5 is ON and V' D5 is
OFF

dip;g _ 1y,
dt — I, Vin1

dige _ 1 _ L 1y

ddt - Lf’UCl LfUCf+ Lf‘/1n2 (1)
ver — 1 g

a9 e 1

ver L g _

dt = Cr'Lf T GiRL VOt -

Configuration 2: Sy is ON, V' Dy is OFF, S5 is OFF and V' D5 is
ON

dipn _ 1y,

gt Iilvml 1

depe 1 _

dt — L;VC1 — T VCt )
dvcy — _ 1,

gl e 1

ver . L o — .

at — G T Gy VOt

Configuration 3: S is OFF, V Dy is ON, S5 is ON and V' D5 is
OFF

dipy _ 1 1y
d(‘lt — Iil vo1 + fl Vlnl
o — 1 — V.
at Lf’UCf + Lf‘/1n2
del _ 77]

an, _ § . 1

ver L1 g _

at . Cr 'Lt T Gy VOT -

3)
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Configuration 4: Sy is OFF, V D is ON, Sy is OFF and V D5 is
ON

dipg 1 1y

ddt - Ll/l vC1 + 1 Vlnl

e 1

At = LYot )
dver LZ

e

ver — L g _

dt = Cp LLt C¢ Ry, ver -

The main purpose of this article is to explore the coupling
effect of power flow from each input source on the system, in
which the low frequency power flow usually plays a majorrole in
system dynamics as well as stability. Therefore, the state-space
averaging method is applied to capture the low frequency power
flow information. The averaged model of the power stage is
obtained as

; 1-d
= d—(Tl)Uﬁl 7 Vi

LLf 1 2 a

at EvCl - E’UCf + EV;HZ (5)
d’ch — 17d1i o dill

ar — ¢y ‘LT oy tLt
dver L, o 1,

dt — Cy'Lt T Cirg VCt

where d; and d5 are the duty cycles of the switches S; and S5,
respectively.

B. Small-Signal SPICE-Based Circuit

In practical applications, SPICE models are usually used
in power electronics analysis, e.g., core loss estimation and
radiated susceptibility analysis [28], [29]. In order to investigate
the underlying mechanism of power flow coupling effect, i.e.,
in what way power flow couple amongst three ports including
two input ports and one output port, an equivalent SPICE-based
circuit is derived from the small-signal averaged model includ-
ing some abstract mathematical expressions. In other word, the
equivalent SPICE-based circuit is the visual form of the abstract
averaged model so that the power flow coupling effect amongst
three ports is easy to be analyzed in terms of circuit theory
rather than pure mathematics. In what follows, a small-signal
model and the corresponding equivalent SPICE-based circuit
will be obtained so as to analyze the power flow coupling of the
double-input Cuk—Buck converter.

Suppose that the system works in the stable operating point
/11,15, Vo1, Vs, then small perturbation will act on the state
variables, duty cycles and the input voltages in the neighbor-
hood of the operating point according to small-signal approach.
Consequently, based on the proposed averaged model (5), the
small-signal representation can be obtained as

dipy _ _ Dyl

Vei g o 1y
dt . ve1 + I dl + L ‘/lnl
D1 4

die _ Dy 1 o Veij 4 Vieej o Dayr
at LvaI Lf'UCi"_ Lt d1+ ¢ d2+ ¢ vaZ

docy _ Di'7 Dyt IpaHIrs j
d(}t — CIAZLI C£1 1Lt Ch dl
ver ; .

dt — Cr'Lf T Ric; VOt

(6)
where Dy and D, are the steady-state duty cycles, and D’ =
1—D;.

Although more accurate models are available in the literature
[30], itis assumed here that all circuit components are considered
to be ideal. From the proposed small-signal model (6), the
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Fig. 2. Equivalent SPICE-based circuit with controlled sources.

Fig.3. Equivalent SPICE-based circuit with ideal transformers from the small-
signal model (6).

equivalent SPICE-based circuit with controlled sources can be
obtained as Fig. 2.

However, the equivalent SPICE-based circuit divides the
components of the system into three independent loops, which
becomes a barrier of system analysis. Noted that the controlled
source can be substituted by the ideal transformer in some
manner, so the equivalent SPICE-based circuit can be trans-
formed into the corresponding circuit with ideal transformers
(see Fig. 3).

As far as the power flow coupling is concerned, the effect
of the duty cycle perturbations should not be considered in the
double-input converter under study. Accordingly, rearrange (6)
and it gives

digy 0 _Dy 0 -

di 0 = . L1
di L _ L o
vl N o 0 Z I i
dogy Dy Dy 3
adt O 0 01 o
vt — I v
at 0 & O RLCr cf
1
O]
0 f? Vvinl 7
+ - (7N
0 0 Vvin2
0 0

And then the corresponding equivalent SPICE-based circuit
is illustrated in Fig. 4.

From Fig. 4, one can obtain the following power balance
relation:

Oin1lr1 + 0p1Ir + Vorior + oneloe + Verios
+ VetigL + DatinaIrs = 0. (8)

Provided that the power flow perturbations from the two input
sources are the same, then the following expression will be
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Fig.4. Equivalent SPICE-based circuit with ideal transformers from the small-
signal model (7).
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Fig. 5. Equivalent SPICE-based circuit.
satisfied:
|Oin1 11| = D202 L] - )]

By simplifying (9), the power matched condition will be given
in the following expression:

D,

Dy = .
2T 1-D

(10)

Noted that under the matched condition the strong coupling
effect between the two input ports exists in the double-input
converters.

Since the four windings of the two ideal transformers existing
in the above SPICE-based circuit leads to some difficulty in the
power flow coupling analysis, how to convert the SPICE circuit
to one simpler equivalent circuit becomes of great significance.
From the equivalent SPICE-based circuit in Fig. 4, it can be
found that the capacitor C'; is only one bridge between the input
port 1* and the input port 2%, That is, C; plays the key role in
double-input Cuk—Buck converter. Thus, all the impedances can
be transferred from the primary side of the transformer T; and
the secondary side of the transformer T5 to C'; side, and then the
equivalent SPICE-based circuit is obtained, as depicted in Fig. 5.
Noted that since the two ideal transformers have opposite dotted
terminals, the two input ports are opposite in Fig. 5. Therefore,
the power flow perturbations of the two input sources are also
opposite.

III. POWER FLOW COUPLING ANALYSIS

As is mentioned previously, the well-known frequency re-
sponse approach is widely adopted in a great variety of circuit
systems, but it cannot be applied to MICs straightly. Fortunately,
common mode and differential mode decomposition analysis is
found to be one effective and powerful method of system signal
flow so that power flow in MICs can be surely unveiled by
using this decomposition method. Hence, the common mode
and differential mode decomposition will be applied to the
double-input Cuk—Buck converter.
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A. Preliminaries of Common Mode and Differential Mode
Decomposition in MICs

For MICs, the common mode component can be expressed as
the average of the N port perturbations. However, the difference
between every two port perturbations can derive a differential
mode component, so the generalized differential mode com-
ponents are much more than the generalized common mode
component.

Provided that the N input port perturbations of the multiple-
input converter are formulated as Vin(k) (k= 1~N), respectively.
Then, there exists only one common mode component of N port
perturbations in the multiple-input system, which is defined as
the average of N input port perturbations, namely

1N
Veom = 57 > Vin(i)- (11)
k=1

The N port differential mode component can be defined as the
average of the difference between two of the N input perturba-
tions. Obviously, there are C%; differential mode components at
port N, and each differential mode component can be given as
Vdif(l)(Z) = % ‘an - ‘7in2

Vdif(l)(?)) - % ‘/inl - ‘/in?)

. - . (12)
Vaithye) = ~ (Vin(j) - Vin(k)) (1<j<k<N

Vdif(zvq)(zv) =¥ (Vin(N—l) - Vin(N)) .

As for the double-input Cuk—Buck converter, the common
mode and differential mode decomposition of input port power
flow perturbation can be defined as

][4
Vdif ) ‘/inQ
where me and Vdif are the common mode and differential
mode components, respectively.

Appling (13) into (7), then, the following common mode and
differential mode perturbation equation will be derived as:

(13)

NN

di _ Dy 4
(ﬁl 0 0 DLI 01 i1
dipe E=a ) 1 :
I I i
dvc D, Dy N
—ddt o 101 0 O1 1ic1
Vet — — v
dt O Ct 0 Ry, Ct cf
1 1
I, T R
& _L ‘/Com
4+ | Lt f < . (14)
0 0 Vaige
0 0

Since both the common mode and differential mode com-
ponents are too abstract, the equivalent SPICE-based circuits
have to be translated in terms of the common mode and dif-
ferential mode perturbation (14). Furthermore, with the help of
equivalent SPICE-based circuits, the power flow transmission



ZHANG et al.: SPICE-BASED CIRCUIT ANALYSIS OF POWER FLOW COUPLING EFFECT

Y

E Vdif > l
! 1
o ST

Fig. 6. Equivalent SPICE-based circuit under differential mode perturbation.

paths under common mode and differential mode perturbations
can be clearly identified to verify the power flow coupling
amongst three ports more convincingly. In this following, the
power flow coupling of the double-input system will be analyzed
according to two cases, i.e., power matched condition and power
mismatched condition.

B. Under Power Matched Condition

1) Differential Mode Perturbation Analysis: With differen-
tial mode power flow perturbations, the perturbation directions
of input ports in Fig. 5 are the same. Interestingly, due to the
constraints of power matched condition (10), the perturbation
amplitudes of the input ports are the same, namely

1 - Dy ~
inl = 55 Vin 15
o Vior = 5 Vi (15)
Since  the differential mode component Vdif =

%(Vm — Vin2) is zero, the equivalent SPICE-based circuit can
be further translated under the differential mode perturbation,
which is shown in Fig. 6. The equivalent SPICE-based circuit
will be analyzed from low, intermediate, and high frequency
domain, respectively.

In low frequency domain, C; and Ct are equivalent to open
circuit while Ly and Ly are regarded as short circuit, so there
exists no power flow amongst three ports. Therefore, the ampli-
tudes of all the state variables except vy are zero. In addition,
11,1 increases at a rate of 20 dB/dec in low frequency domain
while 77+ and ver have a slope of 40 dB/dec.

In high frequency domain, C and Ct are equivalent to short
circuit while L, and L¢ are regarded as open circuit, so there
is no power flow amongst three ports. Likewise, i1 and ip¢
decrease at a rate of —20 dB/dec in high frequency domain while
ve1 and ver have a slope of —40 dB/dec.

In intermediate frequency domain, the coupling degree of
some energy storage elements at the resonant frequency in-
creases sharply, which leads to drastic changes in the direction
or magnitude of some specific power flows in the system. Ac-
cording to the structure of the equivalent SPICE-based circuit in
Fig. 6, the resonant frequency of the SPICE-based circuit under
differential mode perturbation is discussed from two aspects, as
follows.

If the impedance of Ry, is much smaller than the impedance
of C%, i.e., Ct is negligible, the resonant frequency of the SPICE
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Fig. 7. Equivalent SPICE-based circuit under common mode perturbation.

circuit under differential mode perturbation is given as

1
faito = =5

27r\/(Dl,12L1 | 2 Li) 1
(16)

On the other hand, if the impedance of Ry, is much higher than
that of C¥, i.e., Ry, is negligible and it is regarded as open circuit.
Thus, two resonant frequencies of the SPICE-based circuit under
differential mode perturbation are originated from L;, L¢, C1,
and Cf, which can be expressed as

1 [as —+/a% —4ay

D2L,+D2L;
L1 LiCy

fainn = o 2,
1 Jas+ a3 —4da,
faigr = —\| ——— (17)

2&1

where a1 = Di?LlLfCl(]f and as = DLFLICI_F%LIC} +
L¢Ct.

2) Common Mode Perturbation Analysis: Based on the form
of common mode perturbation Veom = %(Vim + ‘71,,2), the
equivalent SPICE-based circuit under the common mode per-
turbation is depicted in Fig. 7.

Similarly, the low-frequency and high-frequency character-
istics of each state variables can be acquired. In low frequency
domain, C and C are equivalent to open circuit while L,; and L
are regarded as short circuit, so power only flows from the input
port 1* into the input port 2% Thus, 11, ir¢, and veos depend
on the load Ry, while vodoes %ﬁ' In high frequency domain,
C7 and Cf are equivalent to short circuit while L, and L are
regarded as open circuit, so there exists no power flow amongst
three ports.

If compared with Figs. 6 and 7 in intermediate frequency
domain, one power flow transmission path under common mode
perturbation is the same as differential mode perturbation. Dif-
ferent from the differential mode perturbation, the power flow
under the common mode perturbation has the other transmis-
sion path. This implies the power flow coupling between ports
becomes more complicated.

Due to the existence of the same transmission path, there exists
the same resonant frequency under common mode perturbation
as differential mode perturbation, which can be expressed as

feomo = faio o { Jeom1 = fain (18)

fcom2 - fdif2
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where f.omo and fgifo are resonant frequencies under common
mode and differential mode perturbation when Ry, is relatively
small, respectively. fcomi7i:172 and fdifi,i:LQ are resonant fre-
quencies under common mode and differential mode perturba-
tion when Ry, is large, respectively.

In order to calculate the other additional resonant frequency,
the circuit is assumed to work on that parallel resonant state.
In this case, the impedance of L, branch is infinity, i.e., the
current through Ry L¢C branch is 0, so the Ry, L¢C; branch
has two equal nodal voltages. The inductor L; is equivalently
divided into two series connected inductors, as plotted in Fig. 8.
The equivalent inductor QD%Ll and capacitor C are the cause

1
of the parallel resonant, and the additional resonant frequency
can be expressed as

/
foms = 2221 (19)
2 L1 Cl

With the circuit parameter values of the double-input Cuk—
Buck converter givenas Vi, = 10V, Vi = 18V, L1 = 1 mH,
Ly =1mH, C; =100 uF, Cr =47 uF, Ry, =2Q, and f5 =
20kHz. System simulation is performed by using the equiva-
lent SPICE-based circuit, and the Bode plots of the common
mode and differential mode power components on each state
variables are obtained by injecting ac signal source with varying
frequency, as depicted in Fig. 9, where the red solid line and
blue dash line denote the common mode and differential mode
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Fig. 10.  Influence of load Ry, on the resonant frequency.

components, respectively. If compared with the Bode plots of
the common mode and differential mode components in Fig. 9,
it can be found that the common mode component has the
same resonant frequency as the differential mode one, and more
surprisingly, the common mode component has one additional
resonant frequency [see Fig. 9(b) and (d)]. These phenomena
are consistent with the abovementioned analytical results.

The influence of the load Ry, on the resonant frequency
under differential mode perturbation is illustrated in Fig. 10.
It can be seen that when Ry, is relatively small, there exists a
resonant frequency fgifo under differential mode perturbation.
Interestingly, as Ry, increases, there are two resonant frequencies
of the SPICE-based circuit, i.e., fqif1 and fgiro. Additionally, the
resonant frequencies are lower than the switching frequency.
This is because the low frequency power flow under study
usually plays amajor role in system dynamics as well as stability.
These results are in accordance with those analytical results in
(16) and (17).

C. Under Power Mismatched Condition

In practice, as long as (10) is not satisfied, the power balance
between the two input ports is broken. That is, the mismatched
condition occurs. It is easy to find that the power mismatched
condition can be divided into two parts, i.e., the power flow
perturbation from port 1% is larger than that of port 2%, i.e., P >
}52 and the other is opposite, i.e., ]51 < ]52.

1) Common Mode Perturbation Analysis: It is worth men-
tioning that no matter Pl > ]32 or ]51 < ]32, the power flow under
common mode perturbation always keeps the same direction as
the power matched condition. Therefore, the frequency char-
acteristics in common mode perturbation will remain the same
except that the amplitudes are different from each other.

2) Differential Mode Perturbation Analysis When P> Py
Under differential mode perturbation, once the power matched
condition is broken, the equivalent circulating current is gen-
erated between the two input ports, and the frequency charac-
teristics of the system state variables change essentially. When
Py > P,, the power flow perturbation of each source in Fig. 11
can be decomposed into

A =LA 2]

(20)
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where Py = %(151 + ]52) has the same direction as the current
of differential mode perturbation under power matched condi-
tion. I:’C()m = % ( 151 — 152), which is the same direction as the cur-
rent of differential mode perturbation under matched condition.
Noted that P, and P; are in opposite directions. Furthermore, the
relationship between the common mode and differential mode
power flow perturbations and the common mode and differential
mode voltage perturbations can be characterized as

o D D ¥
[ APdif:| _ }ILf 15151 — Dy 1511)1 + Dy [‘/90111] @
Peom 2 .t D2 75 — D2 Vair

Therefore, for the differential mode perturbation under power
mismatched condition, it can be regarded as the superposition
of common mode perturbation I:’wm and differential mode per-
turbation Pdif under matched condition.

An example will be given to illustrate the mechanism of the su-
perposition in general condition. Provided that pdif = 10}5com,
the Bode plots of differential mode perturbation for Pcom and
pdif are shown in Fig. 12, where the red solid line and the blue
dash line are Pcom and Pdif, respectively. It can be found that
the common mode perturbation in Fig. 12 has the same shape
as the common mode perturbation under matched condition
in Fig. 9, but the amplitude is nearly 10 times smaller than
that in Fig. 9. Since the general differential mode perturbation
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can be considered as the superposition of common mode and
differential mode under matched condition in this case, the actual
differential mode perturbation is approximately the maximum of
the red solid line and the blue dash line in Fig. 12. And the Bode
plots of common mode and differential mode perturbations are
depicted in Fig. 13.

3) Differential Mode Perturbation Analysis When P < Py:
Likewise, when }51 < ]52, the differential mode perturbation
can be performed with the decomposition method mentioned
above. Noted that when ]31 < ]52, the direction of the common
mode perturbation Pcom will reverse. Hence, in this case, the
differential mode perturbation is obtained from the difference
between pcom and pdif under matched condition. And the Bode
plots of common mode and differential mode perturbations are
illustrated in Fig. 14.
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Interestingly, when ]51 < ]52, the reverse direction of the
common mode power flow perturbation Pom causes one special
phenomenon. That is, at a particular frequency, the amplitudes
of Pcom and pdif under power matched condition are the same
but the phases are opposite. Since the Pcom and Pdif in Ry, L¢Ch
branch cancel each other, the gains of ¢ ;s and v are zero, i.e., a
“pseudo” resonance happens, and the pseudo resonant frequency
fppr 18 shown in the Bode plots of differential mode perturbation
in this case [see Fig. 14(b) and (d)].

The variation of f,,,, with respect to Dy and Dj is depicts in
Fig. 15. fppr gradually decreases with the increasing of Dy, and
eventually disappears once D; makes the power matched condi-
tion valid. In addition, it can be observed that f,,, monotonically
increases with Ds. Noted that the lower right portion of Fig. 15
actually implies a slight mismatched condition and the upper left
portion does a strong mismatched condition. Therefore, fy,,; is
generally higher in power mismatched condition. That is, the
pseudo resonant frequency can be a signal to show the extent of
the power mismatched condition.
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IV. APPLICATION TO FREQUENCY-SELECTIVE DECOUPLING
CONTROL

From the above-mentioned power flow coupling analysis, it
follows that common mode perturbation analysis reveals the
power flow coupling amongst input and output ports, whereas
differential mode perturbation analysis does the power flow
coupling between input ports. Thus, based on the common
mode and differential mode decomposition, power flow coupling
method analysis will be applied to frequency-selective decou-
pling control design, as an example.

The power management of MICs should not only ensure
the input—output power flow balance, but also realize the input
power distribution. For the double-input Cuk—Buck converter,
assuming that the 1¥ port current is controlled by d; to manage
the input power, and the output voltage is regulated by ds in
order to assure the balance and distribution of system power.

The small-signal (6) can be rewritten as

© = A% + Bd. (22)
By performing Laplace transform on (22), it yields
&(s) = (sI — A) 'Bd(s) = G(s)d(s) (23)

where G(s) is the transfer function matrix, and the transfer

functions of 'le , Dot to dq, do are Gll(S), Glg(S), G41(S),

and G42(s), respectively, as given below. Therefore, the control-

output transfer function can be obtained

ir1 G11(s) Gi2(s)] [da rio G

N = Sl =G (s)d(s). (24

[UCf] {Gm (s) Gaz (s) | | do (s)d(s). (24

Evidently, neither G12(s) nor Gy41(s) is zero, so G'(s) is

a nondiagonal matrix, which indicates that there is a coupling

between 71,1 and U¢ so that the complexity of controller design
increases. If the values of nondiagonal elements relative to

G11 (S) =
C1CeLe RV 83+ [C1Ver+ D'y (Ipy+11¢) RuCr] Les? +[(D1Ce+Ch) Ry Vo1 +D'y (Iny+11g) Le) s+D'y (Ini+11¢) Ry,
+D1 Ve
C1CLy LeRys*+C1 Ly Lgs®+ (Cy Ly +Cy L —2C¢ Dy Li+Cy Dy * L1 + Ce Dy * L) Rys*+ (Le+ D1 >Ly+ D1 L¢—2D1 Ly) s
—‘y—RLD/lQ

G12 (8) =
R1,CrD1D'1Vipes+D1D'1Vipo

 C\CiL1LiRys* +C 1 Ly Les® + (C1Ly +CrLg—2Cs Dy Li+Ce Dy ° Ly +CfD12Lf)
Rus?+ (Li+Dy*Ly+Ds2Li—2Dy L) s+ Ri.D',

G41 (8)

CiLiRLVe1s? —(Ipi+ 1) D1RyLLis+D'1 RV

B C1CtLy Le Ry, s*+C1 Ly Lgs®+ (C1 Ly + Cy Li—2C¢ Dy Lg+Cy D1 * L1 + Cy D1 > Ly ) Ry, s*

+ (L¢+D1?Ly+Dy*L¢—2D1 Lg) s+ R, D

G42 (S) =

RC1Ly Vinas®+ (D1* 2Dy +1) Ry, Vina

CleLlLfRLS4+ClL1Lf83+ (ClLl +C¢L¢ —QCfDlLf+CfD12L1 +CfD12Lf) RL82
+(L¢+D1*Ly+D1?Ly—2D1 Lg) s+ Ry D
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diagonal elements, i.e., G12(s)/G11(s) and G41(s)/G42(s) can
be reduced, G’ (s) will be or be approximately a diagonal matrix.
Accordingly, the coupling system can be decoupled into two
single-input single-output systems, which results in realizing
the relatively independent control of the system state variables.
The actual power flow perturbation is the combination of
common mode and differential mode components. It can be
observed from Figs. 9, 13, and 14 that the differential mode
perturbation exhibits more external dominant characteristics,
which plays a leading role in the power flow coupling between
ports of the double-input converter. Moreover, the coupling
degree at the resonant point increases rapidly, which causes
drastic variations in the direction or amplitude of some power
flow. Taking Ry, = 2€) under power matched condition as an
example, when the input perturbation frequency fq is at the
differential mode resonant frequency fgiro of 375 Hz

ip1 = (—39.523 — 116.431) d, — (18.030 + 4.07191) dy

bor = (—15.4555 + 87.63731) dy + (17.9831 + 0.0746i) ds.
(25)

As fq decreases to 225 Hz

ir1 = (35.4584 — 3.93051) d; — (4.5374 4 4.1437i) dy
bor = (0.1154 — 27.75261) dy + (8.6235 — 10.26731) dy.
(26)
Similarly, when fq increases to 1125 Hz

ir1 = (—1.8877 — 2.2302i) d1+ (—0.0324 + 0.1396i) ds
bos = (0.2705 — 4.2392i) dy — (1.7143 + 4.57851) ds.
27
It can be readily found that when fy decreases from fgis to
225 Hz (or increases to 1125 Hz), the values of G2 (s) relative to
G11(s) and Gy (s) relative to G42(s) are significantly reduced,
the diagonal dominance of G’(s) is enhanced. This implies
that the coupling degree of the double-input converter system
is weakened.
To weaken or eliminate the power flow coupling amongst
three ports, the frequency-selective decoupling transfer function
is defined as

$2 + wy?

G (s) = 52 + Bs + wq?

(28)
where wq = 27 fqifo is the center frequency, and B is the stop-
band width.

The control-output transfer function can be rewritten as

%Ll _ GF (8) Gll (S) G12 (S> Cgl
e Ga1(s) Gaz (s) ] | dy
_ [ 11 (s) Gia (3)] [@1} _
G (s) Gip (s) ] [ do

To investigate the coupling effect between i 1,1 and (fl as well
as U¢r and dy before and after frequency-selective decoupling
control, the frequency characteristic curves of nondiagonal ele-
ments in G’(s) are depicted in Fig. 16. The larger the gains of

G12(s) and G4 (s) at the resonant frequency, the stronger the
coupling effect between ¢y,; and d; as well as U¢¢ and do. After

(29)
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frequency-selective decoupling control, it is clear that the gains
of Gi,(s) and G}, (s) at the resonant frequency are extremely
reduced, i.e., the coupling effect between ir1 and d; as well as
Vot and dsy are weakened.

Since the input perturbation signals near the differential mode
resonant frequency are filtered through the frequency-selective
decoupling unit, the value of G11(s) and G42(s) are much
smaller than those of G7;(s) and G5 (s), i.e., the coupling de-
grees are weakened. That is, the control decoupling from output
to input is approximately realized. The original coupling system
is approximately decoupled into two independent single-input
single-output control systems, namely

)= 1 D] [ﬂ

V. EXPERIMENTAL RESULTS

(30)

Since we are concerned about the port coupling effect of
the converter system, we may impose external perturbation on
state variables to explore the frequency response characteristics,
especially the behavior in resonant points so that the power flow
coupling analysis will be verified. For ease of implementation,
continuous sinusoidal perturbations with different frequencies
and constant amplitudes are injected into the duty cycles.

For verifying the abovementioned theoretical and simulation
results, an experimental prototype of the double-input Cuk—
Buck converter is constructed, as shown in Fig. 17. The parame-
ter and component values are listed in Table I. In this experiment,
the MOSFETs are IRF540, the power diodes are FR207, and the
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TABLE I
CIRCUIT PARAMETERS

Parameters Values
Input voltages Viai, Vin 10V, 18V
Inductances L, L, 1mH, 1mH
Capacitances C;, Cy 100uF, 47uF
Load resistance Ry, 10Q
Switching frequency f; 20kHz
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Fig.18.  Amplitude frequency response waveforms with dy when R, = 15 Q.
(a)ir1 and vey. (b) ipf and v,

digital signal controller TMS320F28335 has been chosen to
generate the stable PWM signal.

The amplitudes of the response waveform of the correspond-
ing output state variables are different because the system has
different gains to signals of different perturbation frequencies.
Thus, the amplitude variation of the output state variable re-
sponse waveform reveals the amplitude frequency characteris-
tics of the converter system. Since the changing process of state
variables can be displayed, the experimental results are intuitive
and clear.

Provided that the system is working in power matched con-
dition, i.e., the steady-state duty cycles are D; = 0.33 and
Dy = 0.5, respectively. By injecting continuous sinusoidal per-
turbations with 3% amplitude into D;, and the frequency in-
creases from 1 Hz to 1000 Hz within 1s, the amplitude frequency
response waveforms of ir1, irf, vo1, and vy are depicted in
Fig. 18. It is clear that the amplitude of the waveform response
of all the G}, (s)state variable is large when the injected pertur-
bation frequency is about 309 Hz. In particular, the maximum
response amplitude of ¢7; reaches 550 mA, and the response
amplitude of voq increases to nearly 13.7 V. Obviously, this
injected perturbation frequency of 309 Hz is just the resonant
frequency fair1 (i-e.,309 Hz) of the system. Fig. 19 further shows
the response waveforms of v ¢ at the perturbation frequencies
of 310 Hz and 340 Hz, respectively. It can be found that the
response amplitude of vcy at the perturbation frequency of
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310 Hz is much larger than that of 340 Hz. Strangely, there exists
a large response amplitude near the perturbation frequency of
718 Hz besides the perturbation frequency around 309 Hz [see
Fig. 18(b)]. It can be recognized that the response amplitudes of
i,y and vo s increase significantly and peak at the perturbation
frequency of 718 Hz. These indicate that another new resonant
frequency fqiro (i.e., 718 Hz) has been found in this system.
Likewise, when continuous sinusoidal perturbations with fre-
quency from 0 Hz to 1000 Hz are added to D», the amplitude
frequency response waveforms of all the state variables are
illustrated in Fig. 20. It can be seen that the response amplitudes
of all the state variables reach a large value when the injected
perturbation frequency is 309 Hz or 718 Hz. It is demonstrated
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that there are two resonant frequencies of 309 Hz and 718 Hz
in the system. Interestingly, there is an unobtrusive valley in the
response amplitude of vcy at around 332 Hz [see Fig. 20(b)].
Fig. 21 depicts the response waveform of vy under the pertur-
bation frequency of 330 Hz and 340 Hz, respectively. We can see
that the response amplitude of v s at the perturbation frequency
of 330 Hz is slightly smaller than the case of 340 Hz. It indicates
the existence of the resonant frequency feoms /\/i (i.e., 332 Hz)
in the system.

Consequently, these experimental results are in accordance
with those theoretical and numerical results, which is helpful in
understanding the power flow coupling effect of the double-input
Cuk—Buck converter.

VI. CONCLUSION

In this article, the SPICE-based circuit analysis of power flow
coupling in the double-input Cuk—Buck converter is performed
and the corresponding application of frequency-selective de-
coupling is proposed. First, to observe power flow coupling
path intuitively from the view of physical circuit, an equivalent
SPICE-based circuit is derived from the small-signal averaged
model including some abstract mathematical expressions. Sec-
ond, the power flow decomposition is proposed from the per-
spective of common mode and differential mode perturbation
of the input power so that power flow coupling in MICs can be
surely unveiled. Specifically, the power flow coupling amongst
input and output ports is revealed by common mode perturbation
analysis, while the power flow coupling between input ports is
indicated by differential mode perturbation analysis. It is further
revealed that the differential mode perturbation plays a dominant
role in the power flow coupling between ports. Furthermore,
based on the equivalent SPICE-based circuit, the explanation of
circuit knowledge is provided for power flow coupling effect by
performing the common mode and differential mode power flow
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decomposition of input ports. The coupling degree of the energy
storage elements at the resonant frequency is deepened, and the
direction or amplitude of the power flow changes drastically.
Meanwhile, the analytical expressions of resonant frequencies
with respect to circuit parameters are obtained. More impor-
tantly, the mechanism of the pseudo resonant phenomenon has
been pointed out to be the result of counteract effect of the
common mode and differential mode components in power mis-
matched condition, and it follows that the pseudo resonant fre-
quency increases with the extent of the power mismatched. Then,
the application of the frequency-selective decoupling is given,
which filters the input perturbation signals near the differential
mode resonant frequency so that to weaken or eliminate the
coupling between ports. Finally, experimental results have been
presented to verify the validity of the abovementioned analysis.
These results are important for the controller optimization and
engineering application of MICs.
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