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Abstract: The Zeta converter is an essential and widely used high-order converter. The current
modeling studies on Zeta converters are based on the model that devices, such as capacitors and
inductors, are of integer order. For this reason, this paper takes the Zeta converter as the research
object and conducts an in-depth study on its fractional-order modeling. However, the existing
modeling and analysis methods have high computational complexity, the analytical solutions of
system variables are tedious, and it is difficult to describe the ripple changes of state variables. This
paper combines the principle of harmonic balance with the equivalent small parameter method
(ESPM); the approximate analytic steady-state solution of the state variable can be obtained in only
three iterative steps in the whole solving process. The DC components and ripples of the state
variables obtained by the proposed method were compared with those obtained by the Oustaloup’s
filter-based approximation method; the symbolic period results obtained by ESPM had sufficient
precision because they included more combinations of higher harmonics. Finally, the influence of
fractional order on harmonics were analyzed. The obtained results show that the proposed method
has the advantage of being less computational and easily describing changes in the ripple of the state
variables. The simulation results are provided for validity of the theoretical analysis.

Keywords: zeta converters; fractional order; harmonic balance; ESPM; Oustaloup’s

1. Introduction

Since the development of electronic converters of a high frequency and high integration
of power, the scale and complexity of the systems continue to increase. Thus, the errors
caused by modeling gradually cannot be ignored. Inductance and capacitance are essential
energy storage components in DC-DC converters. Most modeling and analysis methods for
DC-DC converters is based on integer order inductors and capacitors. The literature [1,2]
shows that inductance and capacitance are both fractional order in nature, which means
that errors may occur inevitably when using the integer-order model to analyze inductance
and capacitance. Research on more accurate modeling and analysis methods for DC-DC
converters have important theoretical significance and practical application value.

Low-order converters, such as buck, boost, and buck-boost converters, have the
advantages of a small size, simple structure, and high conversion efficiency, which can easily
achieve boost, step-down, and negative voltage output. They are widely used in inverter
circuits and power factor correction circuits (PFC). References [3-5] use fractional-order
calculus theory to model and analyze boost converters operating in continuous conduction
mode (CCM), discontinuous conduction mode (DCM), and pseudo-continuous conduction
mode (PCCM), respectively. In references [6,7], the fractional-order mathematical model
and the state average model of CCM and DCM buck converters were established and
analyzed, respectively, based on fractional calculus theory. The research results show that
the fractional-order models of boost converters and buck converters based on fractional-
order calculus theory differ greatly from those of integer-order models. Compared with
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the integer-order model, the fractional-order model is more accurate and more consistent
with the actual circuit essence. At present, there are mainly four definitions of fractional
calculus. The research result under different definitions of fractional order calculus is
also different. References [8,9] conducted a steady-state analysis of buck converters and
buck-boost converters in CCM mode based on Riemann Liouville’s (R-L) calculus definition
and compared the results with the analysis results defined by Caputo. Compared with the
Caputo definition, using the R-L definition to analyze the fractional buck converter and
buck-boost converter is more accurate, and better in tracking dynamic response. However,
different definitions of fractional-order calculus are not as unified as those of integer-order
calculus, and it is difficult to give the expression of the analytical solution of the system
according to these definitions [10,11]. Therefore, numerical algorithms can be used to solve
and analyze fractional-order systems. The existing modeling methods of the fraction-order
converter include the state space averaging method, predictive correction method (ABM),
and the Oustaloup’s frequency-domain filtering method. The state-space averaging method
takes the single period of the system as the research object. According to the state-space
equations of the system equations in different modes, weighted average processing is
performed on the linear switching function in each period, and then through the small
signal disturbance processing and linearization processing, the equivalent model of the
switching converter is obtained. Since the state space averaging method is “averaging”
processing, and only considers the low-frequency characteristics of the system, ignoring
the high-frequency dynamic characteristics of the switching converter, which will fail
to correctly analyze the steady-state characteristics of the system, especially considering
that the inductance and capacitance are fractional order, the inductance current ripple
and capacitance voltage will be larger than the integer order. So, the error is bigger in
fractional circuits. The basic idea of ABM is to establish the time model of the system,
obtain the fractional differential equation of the system, then to discretize the differential
of the equation, and then obtain the near value of the numerical solution through the
pre-estimator, and the initial value of the next iteration can be obtained by using the
corrector obtained in the calculation process. After many iterations, the numerical solution
gradually converges to a stable numerical interval. The advantage of the ABM algorithm is
its simple and effective nature, but due to the restriction of time complexity, the selection of
initial value and the dimension of variables will affect the system’s analysis of the research.
The Oustaloup frequency-domain filtering method can clearly express the relationship
between system state variables and circuit element parameters when analyzing fractional
order systems. However, the Oustaloup’s frequency-domain filtering method also has
some problems, such as difficulty in modeling high-order converters, slow running speed
and the impact of switching frequency on simulation results. The lower limit of fitting
frequency, upper limit of fitting frequency and the order of filter also have great influence
on the accuracy of fractional-order DC-DC converter modeling. The fractional calculus
operation has long-term memory characteristics, which results in the numerical algorithm
occupying a large memory space and the operational process being time-consuming in
simulating computer software [12]. References [13,14] use ESPM to model and analyze the
steady-state characteristics of fractional-order buck and boost converters in CCM and DCM.
Using the ESPM, the approximate steady-state analytical solution of the state variables
can be obtained without considering the complex definition of fractional calculus, and the
amplitudes of each harmonic in the circuit can be calculated. Compared with the numerical
solution, the analytical solution obtained by ESPM is more general and can reflect the
relationship between the system state variables better and more intuitively. In addition, the
ESPM has the advantages of fast running speed and less memory.

Now, the fractional order modeling and analysis of converters are mainly focused
on low-order converters. However, high-order converters (Cuk, Sepic, Zeta) can achieve
higher voltage gain, small ripple, small volume, and higher transmission efficiency, so
they are widely used in wind power generation systems, fuel cells, and photovoltaic
systems [15-17]. However, the modeling and analysis methods for high-order converters
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are very complicated [18]. The research and analysis on the modeling of Zeta converters
has been achieved to some extent, but the research results are mainly based on the model
that the capacitors and inductors in the circuit are of integer order. Therefore, in this paper,
we take the Zeta converter as the research object and conduct an in-depth study on its
fractional-order modeling. Based on the existing research, we consider the fractional-order
characteristics of capacitors and inductors in the circuit and analyze the characteristics
of fractional-order circuits, which not only can represent the real characteristics of the
converter more accurately, but also can use the nature of fractional-order calculus to expand
its application scope and further improve the performance of the converter. In this way, we
can improve the theoretical basis of power electronic converter circuit research. For this
reason, this paper aims to model and analyze the fractional order Zeta converter operating
in CCM by using ESPM and proposes a method for obtaining approximate analytical
solutions of the state variables of the inductor current and capacitor voltage. According to
the obtained solutions, the DC quantity, ripple, and harmonics of the state variables can be
analyzed intuitively, and then the relative performance of the DC chopper can be studied.

This paper is organized as follows. Section 2 deals with the modeling of the fractional-
order Zeta converter in CCM. Section 3 establishes an equivalent model based on the ESPM
method and the approximate solution. In Section 4, simulations are performed to verify the
proposed method. The effects of fractional order on the harmonic amplitude of capacitor
voltage and inductor current are discussed in Section 5. Finally, conclusions are given in
Section 6.

2. Mathematical Model of the Fractional CCM Zeta Transformer

The circuit topology of the fractional Zeta converter is shown in Figure 1. In the figure,
Vin is the power supply voltage, 4(t) is the switching function, St and Sp are the switching
tubes, R is the circuit resistance, and i1, i;», vc7 and vep are the inductive current and
capacitor voltages of the converter, respectively. « and p are the orders of the inductor and
capacitor, respectively.

a
ST e - L22 iLp
oy T
«—{)](.It';_ C11

ol [IR

+
<
o
Q
(%1

xS CZ%’
l

Figure 1. Fractional-order Zeta converter.
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The fractional-order inductor and the voltage across the capacitor have the following
relationship:

i
UL(t) = dtth
1)
ic(t) = e
T e

When both « and B are equal to 1, the object being modeled is a traditional integer
order model.

When the converter operates in the continuous current mode (CCM), the switches St
and Sp are controlled by the switching function 4(t). The fractional-order Zeta converter
has two operating modes in one switching period Ts. The inductor current and capac-
itor voltage are used as the state variables of the converter; fractional-order differential
equations describe the state variables of the two modes of the converter:

Mode 1: nTs < t < (n+ D)Ts, where D is the on-time duty cycle and n is an integer
representing a certain switching period. As shown in Figure 2, at this time 6(t) = 1, St is
turned on and Sp, is turned off, and the state equation is written:
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Figure 2. Working mode 1 of fractional-order CCM-Zeta converter.
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Mode 2: (n+ D)Ts < t < (n+1)Ts, at this time é(t) = 0, St is turned off and Sp is
turned on. As shown in Figure 3, the state equation is written as:
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Figure 3. Working mode 2 of fractional-order CCM-Zeta converter.
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In this paper, the operator symbols p* and pP are used to replace d*/dt* and df /dtP,
respectively; the nonlinear switching function 4(t) is used to represent the different modes
of the fractional-order CCM Zeta converter, which is defined as:

[ 1LnTs<t< (n+D)Ts
o1 = {O,(n+D)Ts <t< (n+1)Ts ¥

According to the mathematical model of the two modes of Equations (2) and (3) and

the switching function 4(t), the differential equation of the fractional CCM Zeta converter
can be obtained as
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prig, — (1 ot >> Vi) =
. 4
P2y, + FLo(t) + T2 — fu(t) = 5
Phioc, — 26(t) + —1(1 —5(1) =0
Pﬁzvcz — lc% + IZCCZZ =0
Representing Formula (5) in the form of a matrix equation, we have:
Go(p™, p"2, pP1, pP2)x + Gi f(x) = Gat(x) = 0 ©)

Ly
Formula (6), and the coefficient matrix Go(p“l, p”‘z, pﬁl, pﬁz), G1, Gy are, respectively,

T
There are nonlinear functions f(x) = d(f)x, t(x) = é(t)e, and e = [‘Z—‘;‘ Yu g 0} in

1
A
a1 00 ,B1 B2y — P L, 7
Go(p™, p™, P, p™2) Lo 0 @)
1 1
0 ey 0 pﬁ2+m
0 0 £ 0 1000
0 0o L o0 0100
01 01 0 0 0 0 0 1

The above is the state vector model of the fractional-order Zeta converter working in
CCM. Tt can be observed that the coefficient matrix Go(p*!, p*2, pP!, pP?) in the model is
closely related to the order of the energy storage element of the converter.

3. Equivalent Model of Converter Based on ESPM
3.1. Principle of the ESPM

The ESPM is mainly based on the harmonic balance principle of solving nonlinear
differential equations. By expanding the state variables of the circuit system by Fourier
series, when there are enough expansion terms of the series, the sum of these series can be
outstanding to approximate the periodic solution of the state variable. According to the
literature [19], the generalization of the harmonic balance principle is as follows:

= whe¥T ©)

where y is the order of the differential operation, which can be either an integer or a
non-integer; and w is the angular frequency of the exponential function, which can be any
real number. From the above formula, it can be observed that the order of the differential
operation only affects the amplitude of the differentiated exponential function but has
no effect on its phase. Therefore, the harmonic balance principle can be generalized to
solve fractional-order nonlinear differential equations. Furthermore, the ESPM can also be
improved according to this generalization.

First, the state variable x is expanded to the form of the sum of the main oscillation
component xp and the other corrections x;:

n .
x=x0+ ) €x (10)
i1

The switching function 6(t) is also expanded into a similar series sum form:
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5(t) =+ Y €'s; (11)

Substituting the expansions of x and é(¢) into the nonlinear functions flx) =o(t)x
and t(x) = J(t)e, and then combining terms with the same order ¢, f(x) and #(x) can be
converted to:

f(x)=fote+eEf+... 12
t(x) =to+ety +etp +...
where f; is:

fo = doxo

fr =dox1 +d1x0 (13)

fz = doxp + 1xp + drxg

f3 = dox3 + 61xp + ax1 + 30

t;is

to = dpe
t1 = d1e
ty = dre (14)
tz3 = dze

According to the principle of harmonic balance, it can be assumed that x; can be
expressed in the form of the sum of various harmonic components shown in Equation (15):

X; = 2 Xix = Ajg + Z (tlike‘jkT + C.C) (15)
kE{Eir}

where c.c represents the conjugate term, and k represents the order of the harmonic, in
which T = wt is the normalized time. a;9 and a; represent the DC component of x; and
the amplitude of the kth harmonic component, respectively. In addition, the formula’s
harmonic components {E;,} are determined by the actual physical properties of the modeled
object. For the DC-DC converter, due to its low-pass filtering characteristics, the main
component in its state variable is DC, so set the harmonic component set {Ey} = {0} of the
main oscillation component xj. The harmonic components {E;,} of the other corrections x;
are sequentially determined by the remainder R; generated by the previous operation.

When the converter is in a steady state, the periodic switching function J(t) can also
be expanded into a Fourier series of the form:

O(t) = bo+ i (beel*™ + c.c) (16)
k=1

In the formula, by = TiSfOTS 6(t)dt = D, by = L(ay — jBx), where:

TS i
o = T%f 6(t) cos(kwt)dt = w
0

. 17)
Bi=% Of 5(t) sin(kwt)dt = 1=cos(2krD)
Usually, §p and 4; are taken as:
8o = by + b1e/™ +c.c 18)
;= bZiEjziT + b2i+1€j(2i+l)T +c.c

Substitute the expansions of x; and J; into f; and ¢;. Due to the multiplication of x; and
6;, new harmonic components are generated in f; and #;, as follows:
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fi = fim + @Ri1
19
{ti = tim + ¢Hiq (19)

Among them, f;,, represents the part of f; that is the same as the harmonic component
of x;, the remainder R;, represents other components in f;, t;,, represents the part of t;
that is the same as the harmonic component of x;, and the remainder H;, | represents other
components in #; components, the spectrum of x; and R; are the same as H;. Therefore, the
value of the x; spectrum can be determined by R; and H; in the operation.
Substituting Equations (15) and (19) into Equation (6), Equation (20) can be deduced
as:
Go(p™', p2, pP1, pP2)xg+G1 fom—Gotom= 0
Go(p™', p*2, pP1, pP) 2y +G1(f 1+ R1) — Gy (ty, +H1) =0
Go(p™', p*2, pP1, pP2)2y+G1(f 5+ R2) — Gyt +Ha) =0
Go(p™, p*2, pP1, pP)x3+G1(f 3, +R3) — Gy (t3,+Hz) =0

From Equation (21), the main oscillation component and each order correction can be
obtained step by step. If the following conditions are met, the iteration will be stopped.

(20)

Tolerance = M < 1% (21)
| aco |2
By solving the equation in Equation (20), the main oscillation component and each
order correction can be obtained step by step, and finally the periodic solution of the system
state variable can be expressed as:

X=x0+x1+x2+x3... (22)

3.2. Steady-State Analytical Solution of Fractional-Order CCM Zeta Converter
3.2.1. Solving the Main Oscillation Component xq

Due to the low-pass performance of the DC-DC converter, it can be concluded that the
main oscillation component of the state variable is:

T
xo = aoo = [loo, Ioo, Voo, Vo) (23)

where Iyg, I'g0, Vo, and V(g represent the DC components of the inductor current and
capacitor voltage, respectively. From Equation (19) f; and ¢; expressions, it can be ex-
pressed as:

{ fom = aoobo (24)

tom = apoe

{ Ry = aoo(blejT + C.C) (25)

H1 = b]@ . EjT +c.c

Substituting Equations (24) and (25) into the first term of Equation (20), it can be
expressed as:
Gooago + G1Dagy — GoDe =0 (26)

At this time, the coefficient matrix is Gog = G(0,0,0,0). According to the principle of
harmonic balance, the above formula can be transformed into

0 0 -z 0 0 0 £ 0]\ [ 10 0 o[
o o0 o0 4 1 / "
0 Glip| 0 0 & O ||k | _plo 1 00l
& 0 0 0 -& & 00 Voo 001 0f]o
0 -& 0 & o 0o o0 o)WV 000 1|0

The analytical formula of agy can be obtained from Formula (27).
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3.2.2. Solving the First-Order Correction Amount xq

The components of x; depend on Ry and H1, so the set of harmonic components of the
first-order correction amount x; is {Eq,} = {1}, and x; can be expressed as

x1 = apel” + c.c (28)

Where a1 = [I11, I'11, V11, V1115, bring xq, x1, dg, 61 into f1 and #1, and the remainder
R; of f1,, and f1 can be obtained:
fim = boanejfj- c.c 4 ' 29)
Ry, = biayy + biay + (b]llll + bzlloo)EJZT + b3a00373T +c.c

Since the spectrum of Hj is {Ky,} = {1}, the spectrum of x; is also {1}. In the same way,
selecting the same amount as the spectrum of x; in #; as t1,,, and the other components as
Hj, it can be expressed as:

{ fm =0 (30)

Hy =bye-el" 4+ bse-efT +c.c

Substituting f1,,, t1m, H1, and R; into the second equation of Equation (20), it can be
reverted to:
(Go1 + Gibo)arn = (—Gibyago + Gabe) 31)

where Go1 = Go[(jw)*!, (jw)*?, (jw)ﬁl, (jw)ﬁz], a11 can be obtained by the matrix transforma-
tion of Formula (31).

3.2.3. Solve the Second-Order Correction Amount x;

According to Ry and Hj, it is known that the set of harmonic components of the second-
order correction amount xp is {Ep,} = {0, 2, 3}; then, the expression of the second-order
correction amount is:

Xo = dpy + a22€j2T + 1123€j3T +c.c (32)

The DC component in the second-order correction is ayy = [I29, I'20, V20, V'aol¥, the
second harmonic is ax = [Io2, I'22, Va2, V'22]T, and the third harmonic is ass = [I23, I'23, Va3,
Vst Substituting x, x1, x2, 69, 61, and J, into f, and #p, it can be expressed as:

{ fom = boazg + (boaza + b1axs + by )el** + (boazs + brazy + baary )€™ +c.c 33)
R3 = (byagg + bragy + boaqy )el™ + (byas + bsagy + b4a00)e]4T + b5ﬂ00€]5T +c.c
tom =0
{ Hj = bye - /4T 4+ bse - e/°" 4 c.c (34)

Bringing x», Ry, fom, Hz, and t,, into the third formula of Formula (20), it can be
expressed as:

(Goo + Gibo)azg = —Gy(byay + byany)
(Goz + Gibo)axp = —Gi(b1ar1 + baago + bzarg) + Goboe (35)
(Gos + Gibo)azs = —Gy(brax + byayy + bzagy) + Gobse

The matrix Gy = [(jkw)*?, (jkw)*?, (jkw)P?, (jkw)P?] (k = 0, 2, 3) in Equation (35), az,
ayy and ap3 can be obtained by matrix transformation.

3.2.4. Solving the Third-Order Correction Amount x3

According to Rz and Hj, it can be seen that the set of harmonic components of the
third-order correction amount x3 is {Es,} = {1, 4, 5}; then, the expression of the third-order
correction amount is:

x3 = az1el + a3 + 356> + c.c (36)
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The fundamental harmonic, fourth harmonic, and fifth harmonic in the third-order
correction amount are, respectively, as; = [I31, 31, V31, V's1l1Y, aza = [I3a, I'sa, Vaa, V24",
and azs = [I35, I'35, V35, V’35]T. Substituting x, x1, x2, x3, 8o, 91, I, and 3 into f3 and t3, it
can be reverted to:

fam = (boas1 + b3z )el™ + (boass + byass + baagy + bstiy el
+(boass + brasy + baaxs + b3ax + byary )P +cc ‘ (37)
Ry = byag) + baipg + badinz + (b1asy + byan)e®™ + (b1azs + baago + bading )€™ + c.c

t3m =0 (38)

Bringing x3, Rs, f3,,, H3, and t3,, into the fourth formula of Formula (20), it can be
expressed as:

(Go1 + Gibo)az1 = —Gy(byazo + b3ann + byaz + byary)
(Gos + Gibo)asa = —G1(byans + baagy + bzary + baagy + bsayg) + Gobae (39)
(Gos + Gibg)azs = — Gy (boass + biasa + baaog + bzan + baary + bsag) + Gobse

In the coefficient matrix Gor = G1[(jkw)*!, (jkw)*?, (jkw)P!, (jkw)P?] (k = 1, 4, 5) in
Formula (39), a31, as4, and ass can all be passed through matrix transformation.

According to the above process, ajx = [Li, I'ik, Vik, V'ik] can be obtained. According to
the obtained main oscillation component x, first-order correction amount x7, second-order
correction amount x, and third-order correction amount x3, then the analytical expression
of the state vector x can be obtained as:

X = agy + ago + (a11 + az1)e’” + aeT + a7 + azee/*T + az5e”" + c.c (40)
The expressions of state variables i1 1, i, vc1, and vy are:

ir1 =~ (Ipo + Ing) + 2(Relyp cos wt — ImIy sin wt + Relpy cos 2wt

—ImIy, sin 2wt 4+ Relps cos 3wt — ImI»3 sin 3wt 4 Relzp cos wt

—ImIs; sin wt + Relzq cos 4wt — ImIzy sin 4wt + Relss cos 5wt — ImIss sin 5wt )
irp & (Ify + I5y) + 2(Relj; cos wt — ImIj; sin wt + Rel}, cos 2wt

—ImI}, sin 2wt + Rel}, cos 3wt — ImIy, sin 3wt + Rel}; cos wt

—ImI}; sinwt + Rel}, cos 4wt — ImI}, sin4wt 4 Rells cos 5wt — ImIjs sin 5wt)
ver = (Voo + Vag) + 2(Re Vi cos wt — ImVyy sin wt 4+ Re Vi, cos 2wt

—ImV5), sin 2wt 4 ReVas cos 3wt — ImVyj sin 3wt + ReVsq cos wt

—ImV3; sin wt + ReVay cos 4wt — ImVay sin 4wt + ReVss cos 5wt — Im Vs sin Swt)
ver = (Vg + Vi) + 2(ReV]; cos wt — ImV], sin wt 4 ReVy, cos 2wt

—ImV}, sin 2wt 4 ReV}, cos 3wt — ImVy, sin 3wt + ReVy; cos wt

—ImVy; sinwt + ReV}, cos 4wt — ImVj, sin 4wt + ReVj5 cos 5wt — ImV; sin 5wt)

(41)

where Re and Im represent the real and imaginary parts, respectively.

4. Simulation Comparison and Validation of Different Methods
4.1. Design Equation of Zeta Converter
Applying Kirchhoff’s voltage law on the Zeta converter circuit for the first and second

mode, the equations are derived below. The ripple of the current through the energy
transferring (input) inductor can be expressed as,

DV; DV;
Alj = — " [ =21 42
HTURLTT £ 42
The output inductor current ripple can be expressed as,
DV; DV;
Al = Vin 1, - DVin (43)

[P N TP
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The capacitor ripple voltages AV & AV(p can be derived from the Kirchhoff’s current
law for first and second mode as

’I‘(WI

1/ DV,
AV = —/1 dt,C{ = —— 44
c1 Clo adt G = R AvG (44)

1 T/ZAI DV,

L2 i
AV = — —2dt,Cp = ————— 45
2 CZO/ 4 27 8f2L,AVe, (45)

where V= Vi
The simulation parameters of Figure 1 are shown in Table 1.

Table 1. Simulation parameters.

Parameters Values
Vin 12V
R 100
D 0.4
fs 25,000 Hz
Ly 2mH
L2 2mH
C 1075 F
Cy 10~°F

4.2. DC Components and Ripple Analysis

The fractional-order CCM Zeta converter is modeled on the Oustaloup’s filter-based
approximation method [20], and the simulation model is shown in Figure 4.

Continuous p— E

=Y -V

H H L2

¢ # m> =

DJ T TI 2 1 2
-
L1 ~

Z D c2 R

Figure 4. Simulation model of fractional-order CCM Zeta converter.

Using the Oustaloup’s filter-based approximation method, the fractional-order induc-
tor and capacitor in Figure 4 are replaced by the equivalent circuit of the fractional-resistance
chain. The fractional-resistance chain of fractional-order inductor is constructed, as shown
in Figure 5a. The fractional-resistance chain of fractional-order capacitor is shown in
Figure 5b.
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Figure 5. Equivalent circuit of fractional element. (a) Fractional-order inductor; (b) fractional-order
capacitor.

The DC components of the state variables obtained by the Oustaloup’s filter-based
approximation method and ESPM are shown in Table 2.

Table 2. Comparison of DC components of state variables.

Order (a1, az, B1, B2) ESPM (agyg + azg) Oustaloup’s Method
(0.85, 0.85, 0.85, 0.85) (0.5574, 0.7515, —7.5145, 7.5145) (0.6040, 0.7536, —7.5270, 7.530)
(0.9,0.9,0.9,0.9) (0.5417, 0.7836, —7.8359, 7.8359) (0.5676, 0.7826, —7.8250, 7.8230)
(0.9,0.9,0.95, 0.95) (0.5494, 0.7948, —7.9478, 7.9478) (0.5813, 0.7954, —7.950, 7.950)
(0.95, 0.95, 0.95, 0.95) (0.5354, 0.7955, —7.9546, 7.9546) (0.5596, 0.7956, —7.9530, 7.9530)
(0.95,0.95,1,1) (0.5383, 0.7995, —7.9955, 7.9955) (0.5625, 0.7998, —7.9940, 7.9950)
(1,1,1,1) (0.5330, 0.7998, —7.9975, 7.9975) (0.5497, 0.8009, —7.990, 7.9970)

It can be seen from Table 2 that the difference between the results of the inductor
current and capacitor voltage DC components obtained by ESPM and the Oustaloup’s
filter-based approximation method is relatively small, and the changing trends are the same.

The waveform of inductor current and capacitor voltage of different orders obtained by
the Oustaloup’s filter-based approximation method and ESPM are shown in Figures 6 and 7,
respectively. The figure’s green solid line and the red dotted line in the figure are the curves
obtained by the Oustaloup’s filter-based approximation method and ESPM, respectively.
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Figure 6. Inductance current waveform of different orders: (a) (x1, 2, B1, B2) = (1, 1,1, 1); (b) (a1, a2,
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Figure 7. Capacitance voltage waveform of different orders: (a) (a1, a2, B1, B2) = (1,1, 1, 1); (b) (a1,
a2, ,51/ ,BZ) = (095/ 095/ 1/ 1)/ (C) ([Xll X3, ,Bll ﬁz) = (095/ 095/ 095/ 095)/ (d) (lxll 2, ,Bll ﬁz) = (09/ 09/
0.95, 0.95); (e) (a1, ap, B1, B2) =(0.9,0.9, 0.9, 0.9); (f) (x1, a2, B1, B2) = (0.85, 0.85, 0.85, 0.85).

It can be seen from Figures 6 and 7 that the values of the inductor current and capacitor
voltage are consistent with the trends shown in Table 2. Furthermore, the steady-state
ripples from the Oustaloup’s approximation method and the ESPM are compared, where
the green solid lines represent the results from the Oustaloup’s approximation method, and
the red dotted lines represent the results from the ESPM. The harmonic magnitudes are
also order dependent. Specifically, the harmonic magnitudes of 7}, and v¢ increase with the
decreases of « and B, respectively. Waveforms coming from these two methods show good
agreement with each other, which proves the accuracy and feasibility of ESPM modeling of
the fractional CCM Zeta converter.

The inductance current increment of the circuit model can be measured from Figures 6
and 7, and the corresponding theoretical values can be obtained according to the formula
for ripple given in Equation (46), and the comparison between the theoretical and simulated
values is shown in Table 3. The ripple error percentage is shown in Table 4.

Table 3. Comparison of the theoretical value and the simulation value.

Order (a1, a2, B1, B2) Aip Theoretical Value ESPM Oustaloup
w1,1,1) Ay /A 0.096 0.087 0.09501
A Nipa /A 0.096 0.0883 0.0949
Ay /A 0.1702 0.1812 0.1858
(0.95,095,1,1) Aipp /A 0.1702 0.1723 0.1851
Aip1/A 0.1702 0.1853 0.1874
(0.95,0.95, 0.95, 0.95) Aipp /A 0.1702 0.1678 0.1839
Aip1/A 0.3012 0.313 0.3435
(0.9,09,095,0.95) Airy /A 0.3012 0.2968 0.3358
A /A 0.3012 0.3132 0.3435
(0.9,0.9,0.9,0.9) Aipa/A 0.3012 0.2918 0.3201
Air1 /A 0.532 0.5716 0.5825
(0.85,0.85, 0.85, 0.85) Airp /A 0.532 0.5246 0.5637

Table 4. Ripple error percentage.

Order (x1, a2, B1, B2) Aip ESPM Oustaloup
Nip /A 9.37% 1.03%
@111 Aipa/A 8.02% 1.14%
D /A 6.46% 9.16%
(0.95,095,1,1) Aips/A 1.23% 8.75%
Aip1/A 8.87% 10.1%
(0.95,0.95,0.95, 0.95) Nira/A 1.41% 8.05%
Aip1/A 3.91% 14.04%
(0.9,09,095,0.95) Nira/A 1.46% 11.48%
Aipy/A 3.98% 14.04%
(0.9,09,09,09) Diga/A 3.12% 6.27%
i /A 7.44% 9.49%

(0.85, 0.85, 0.85, 0.85) A sTA 30 =950
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Combining Tables 2—4 it can be seen that the DC components of the inductor current
and capacitor voltage are basically not affected by the fractional order in a steady state.
The fractional order mainly affects the ripple of the inductor current and capacitor voltage,
and the ripple amplitude increases sharply as the order decreases. Analysis of the data in
Table 3 shows that there is a certain error between the simulated and theoretical values, but
the error is small and stays in a reasonable range. The comparison between the theoretical
and simulated values fully verifies the correctness of the fractional order model and the
theoretical derivation.

4.3. Fractional-Order Zeta Converter CCM Discriminant

From the method of reference [21], the expressions for the fractional order inductance
currents Aij1 and Aij» can be obtained as:

Ai — ‘/il’l(DT')tX1
M LT (ag)
N (46)
Aijy — (Vin — V1 — Ver) (DT)™
L2a21"(a2)

In Equation (46), I'(«) is the gamma function. Additionally, V1 = —V», so by taking L
=L; =Ly, & = a1 = &y, the fractional order inductor L1*! and L,*? current ripple calculation
formula can be expressed uniformly as follows.

Vin(DT)"

Lal(a) 47

Aip = Aipq = Aipp =

Equation (47) shows that when the fractional-order inductors L;*! and L,*2 have equal
inductance values and orders, the inductor current ripple is calculated by the same formula,
and the inductor current ripple is related to its order. The curve of inductor current ripple
Aij, with order « can be obtained by using Matlab software, as shown in Figure 8. As the
order decreases, the inductor current ripple Aij increases sharply, and the lower the order,
the faster the ripple increases.

1.2

i, (4)

0.4

0
0.7 0.8 0.9 1

a

Figure 8. The relationship between inductance current ripple and inductance order.
For a fractional-order Zeta converter to operate in CCM, the current flowing through
the converter diode Sp must always be greater than 0 in the (1 + D)Ts < t < (n+1)Ts

interval. In the (n 4+ D)Ts < t < (n + 1) T interval, the current flowing through the diode
is equal to the sum of the two inductor currents.

isp, =ir1tiL (48)
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The diode current ip is always greater than 0. Equivalently, the DC component of
the inductor current should always be greater than half of its current ripple amplitude,
yielding the following expression:

1 . 1. .
(ILl — EAZLl) + (IL2 — EAle) >0 (49)

Substituting Equation (46) into Equation (49) and simplifying it can be expressed in
the following form:

Vi

(Ir1 + Ip) — ‘3{*[

(DT)"™ (DT)*™
LiaT(a1)  Loasl'(a2)

]>0 (50)

The effect of order a1 and a; of the fractional-order inductor on the converter operation
mode can be obtained from Equation (50), as shown in Figure 9.

1

0.8 | -

0.6t

DCM

(1{2

041

0.2

&

@) (b)

Figure 9. Influence of inductor order on operation mode of the converter. (a) Three-dimensional
graph. (b) Boundary between CCM and DCM.

Figure 9a shows the three-dimensional diagram of the current relative to the order
a1-ap plane change of Equation (50). When this current is greater than 0, it indicates that
the converter is operating in CCM mode; when this current is less than 0, it indicates that
the converter is operating in DCM mode; when this current is equal to 0, it indicates that it
is operating in the critical state of CCM and DCM; the boundary lines of the two operating
modes are shown in Figure 9b. From Figure 9b, the intersection coordinates (0.71, 1) and
(1, 0.71) of the dividing line and the edge of «1-a; plane can be obtained. Only when the
inductance order is greater than 0.71 order can the converter run in CCM mode.

5. Analysis of Harmonic Components in Different Orders

The steady-state approximate analytical solution of the fractional-order CCM Zeta
converter is obtained through the analytical modeling method in Section 2. It is observed
that both the DC component and the ripple of the energy storage element are related to
the order of the energy storage element in the study. The specific change rule is as follows:
when the order of the energy storage element decreases, the ripple amplitude of the state
variable increases; in the contrary, the ripple amplitude of the state variable decreases.
When the inductor and capacitor are in different orders, the harmonic amplitudes of the
converter inductor current and capacitor voltage are obtained, as shown in Figures 10
and 11, respectively.
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Figure 10. Harmonic components of inductor currents with different orders in the CCM region.
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Figure 11. Harmonic components of capacitor voltages with different orders in the CCM region.

From Figures 10 and 11, as the order of the inductor and capacitor elements decreases,
the amplitudes of the fundamental, second, third, fourth, and fifth harmonics of the
inductor current and capacitor voltage increase. Since the ripple of the state variable is
jointly affected by the harmonics, the changing trend of the harmonics in the state variable
is consistent with the changing trend of the ripple amplitude. The change in the inductance
order greatly influences the inductor current, while the change in the capacitance order has
a relatively small influence on the inductor current.

The modified termination criterion of the analytical solution proposed in Equation (21)
is verified by the change in each harmonic amplitude. The condition of the discriminant
stability were analyzed with respect to the harmonic components. The effective values
of the harmonic components of the converter inductor current and capacitor voltage, as
a percentage of the fundamental component, were obtained, as shown in Figure 12. As
can be seen from Figure 12, the value of the modified termination discriminant condition
increases as the fractional order of the inductor and capacitor decreases.
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6. Conclusions

Based on the extended harmonic balance principle and the idea of disturbance, ESPM
was used to model the fractional CCM zeta converter. The steady-state analytical expression
was obtained. According to the steady-state analytical expression, the fractional-order CCM
Zeta converter was modeled in MATLAB and compared with the Oustaloup’s filter-based
approximation method. Furthermore, the harmonic amplitude of each order of the state
variables of the fractional CCM Zeta converter was obtained, and the influence of the order
of the energy storage element on the harmonic components of each order was analyzed.
The obtained results show that:

(1) ESPM can avoid the discussion of the applicability of several fractional calculus defi-
nitions to the upper and lower limits of the integration under different circumstances,
and overcome the problem that it is difficult for the fractional system to obtain specific
expressions. The obtained solutions conclude practical physical significance, and the
analysis results are consistent with those obtained by the Oustaloup’s filter-based
approximation method.

(2) The amplitude of each harmonic of the fractional converter is related to the order of
the inductance and capacitance components. With all other parameters unchanged,
when the fractional order of inductance and capacitance decreases, the amplitude
of the harmonic components of each order in the state variable increases, increasing
the amplitude of the inductor current and capacitance voltage ripple of the fractional
order converter.

(3) Compared with the numerical simulation method, the proposed method can better
describe the change in the state variable ripple. The computational complexity is
significantly reduced, the simulation speed is fast, and the memory consumption
is small.

The ESPM is a fast algorithm for solving the steady-state periodic solution of Zeta
circuits. The algorithm is a symbolic algorithm which overcomes the drawback of too
many variable symbols in similar symbolic algorithms and uses matrix operations to make
the whole solution process intuitive and clear. However, the equivalent small parameter
method also has some problems; for example, the modeling of a high-order converter
is complicated, and the converter with low-order-of-energy storage components needs
to derive the high-order correction. This paper uses ESPM to model and analyze the
fractional-order Zeta converter in CCM mode, and deduces the boundary conditions of
the CCM mode and DCM mode. The modeling method proposed in this paper can be
easily extended and applied to the fractional-order Zeta converter in DCM mode and other
converter circuits.
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