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ABSTRACT This paper presents a theoretical circuit analysis for the non-isolated PWM DC-DC Zeta
converter, operated at CCM (Continuous Conduction Mode) in steady-state conditions. The analysis derives
the voltage and current waveforms for both current and voltages in the converter, and determines the DC
voltage conversion ratio. The boundary between CCM and DCM modes is derived, as well as the expressions
to determine the values of the four reactive components of the converter. The expression resulting in the
maximum voltages across the mosfet and diode are determined. The expressions giving the maximum,
average and rms values of the currents associated to all the converter devices were also derived as well
as the expressions of power losses due to parasitic elements in the converter circuit, and, therefore, the
converter efficiency, which also included the switching losses. To validate the proposed theoretical analysis,
the converter is studied both using a time-domain circuit simulation software, and building an experimental
circuit utilized for practical measurements. Theoretical results were in good agreement with simulation and
experimental results.

INDEX TERMS Zeta DC-DC converter, dual SEPIC converter, PWM converter, step-down converter, step-
up converter, non-inverting and non-isolated converter, power losses, efficiency, continuous conduction

mode.

I. INTRODUCTION
The non-isolated Zeta DC-DC PWM converter is a non-
inverting step-down and step-up converter, which has been
introduced for the first time in [1]. This circuit is also referred
in the literature as ‘““‘dual SEPIC” [2] and [3]. One of its
properties is the continuous output current, which makes
this converter an attractive circuit in many energy-conversion
applications, such as battery or supercapacitors charging
applications. Parasitic parameters of converter components
limit the voltage step-up capability of basic dc-dc converters
at high duty cycles, preventing traditional dc-dc converters
to be applied in certain applications, like renewable energy
generation systems.

An insulated version of the Zeta converter is proposed
in [4].

The associate editor coordinating the review of this manuscript and
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Several applications of this circuit, also combined with
other power converters, are shown in the literature, but these
papers neglect the analysis of the single Zeta converter circuit.
Paper [5] deals with a transformerless buck-boost converter
based on a ZETA converter and, there, the analysis is focused
on the introduced buck-boost converter rather than the Zeta
one. In [6], the adaptive sliding-mode control is applied
to the circuit introduced in [5]. The basic Zeta topology
analyzed in this paper is combined with a coated circuit
in [7] to achieve a high output voltage gain. Also, this
paper neglects the analysis of the Zeta converter and focuses
the investigations on the reduction of voltage stress on the
semiconductor devices. One more high gain circuit, the Zeta
converter is shown in [8], which proposes a new topology
obtained from the combination of an Isolated Zeta Converter
and a Quadratic-Boost Converter, whose results are suitable
for application in PV plants. One more application of the
Zeta converter to PV plants, where high gains are required,
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is given in [9]. Other papers, [10] and [11], apply the Zeta
converter for PFC applications, even if these papers deal with
the so-called SEPIC topology rather than the Zeta converter
as proposed in [1]. Note that the SEPIC converter is largely
investigated in [12], [13], [14], and [15]. Some dynamical
modeling of the Zeta converter, based on a state-space
averaging technique, is given in [16] and [17]. A small-signal
modeling of the dc-dc Zeta converter power stage, operating
in continuous-conduction mode, is addressed in [3] by using
the circuit averaging technique. Finally, reliability of the Zeta
converter has been investigated in [18].

However, a detailed analysis of this converter for
steady-state operation and design equations are still missing
in the literature. Some efforts have been spent in [19], where
the circuit analysis is addressed, but with some limitations,
such as the design of the output filter, which is not as accurate
as that provided in [20]. An accurate loss analysis is missing
as well as, the efficiency effect on the DC voltage transfer
function and, then, on the duty cycle. As a result, the design
equations provided in [19] are largely approximated.

The purpose of this paper is to overcome the above-
mentioned limitations and provide the readers and designers
with an accurate understanding of the converter operation
and its limitations. The design equations are analytically
derived, including the circuit device parasitic components.
The effect of both conduction losses and power mosfet
switching losses on the converter operation are investigated
and accurately described. Theoretical derivations are utilized
in a design example, which has been used to size a circuit. The
designed converter was simulated, built, and experimentally
tested. The results of the derivations were confirmed by the
measurements made in the operating experimental circuits.

FIGURE 1. Circuit of the non-isolated Zeta dc-dc PWM power converter.

Il. WAVEFORMS
The waveform of the Zeta converter operated in CCM are
derived under the following assumptions:

1) All the components are ideal, i.e. all the parasitic
resistances (rps = rp = rp1 = rpp = rc1 =rca =0,
and diode offset voltage Vg = 0). Also, the switching
times of the mosfet and the diode are zero.

2) The ripple voltage of capacitors C; and C are low
enough so that the voltages across these capacitors can
be regarded as constant, i.e., vc1 = Vp and vea = Vp.

For 0 < t < DT, the mosfetis on and the diode is

off. Hence, vps = 0 and ip = 0. The voltage drop across
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FIGURE 2. Idealized current and voltage waveforms of a non-isolated
Zeta converter.

inductor L; is
dir1

=Vi=L— 1
VL1 i 1 (D

and the current waveform through the inductor L is
1! 1 /!
L1 = —/ veidt +ipy (0) = —/ Vidt + ip1 (0)
Ly Jy Ly Jo
Vi, .
= —1+i71(0). @)
Ly
Atr = DT,
: Vi :
ir1(DT) = L_lDT +i£1(0) (3)

and the ripple current through inductor L is
Dv; (1 -D)Vo
Ll fL

The energy stored in the magnetic field in inductor
L increases with the time like a parabola

Aipy = ip1(DT) —ip1(0) =

“

_ e (t)—lL Ly (0)2 (5)
wL1 = B 171 =3 1 L 1 .

The voltage across the coupling capacitor C; for the entire
cycle is ve1 & Ve = Vp if the ripple of this voltage is very
low as compared with V. From KVL,

dirn

via=ve2+ Vi = Vo = Vo+ Vi —Vo=V; =L27, (6)
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yielding the current waveform through the inductor L,

1 ! 1 !
irp = —/ viadt +ipp (0) = —/ Vidt + 15 (0) .
Ly Jo L Jo
Vi .
= —1t+1i12(0). (7)
L
Att = DT,
. Vi .
ir2(DT) = L_ZDT +i72(0), (8)

resulting in the current ripple of L,

Aijp = —DT = C))
Ly fsLa
This gives the maximum ripple current in inductor Ly
. DinVimax
A = — 10
1L2max L, (10)

The energy stored in the magnetic field in inductor
L, increases with the time as a second-order function

v 2
—Lz[—r+zL2(0)]. (11)
L,

1 )
w2 = ELzle(t) =3

The switch current waveform is

is =ip1 —ic1 =iL1 +iL2

Vi, Vi,
= — 0 — 0
I +ir1 ( )+L2+IL2( )

1 1
—Vi(—+ =) +ir1 O +i20
I(L1+L2)+1L1()+lL2()

Vi, .
= — +ir1 (0) +ir2(0), (12)
LP
where
1 1 1 L1+ L
— —=="= (13)

L, L L LiL>

The switch current ripple is

Ais = Aipy + Ais = Lpr 4+ Ypr = BV (14
is = Airp i = — —DT = .
L Ly fsLp
The inverse diode voltage is
vka= —Vvp =vi2 + Vo & Vi + V. (15)

Fig. 2 shows the idealized current and voltage waveform of a
non-isolated Zeta converter.

A. TIME INTERVALDT <T <T
For DT < t < T, the mosfet is off and the diode is on. Hence,
is = 0 and vp = 0. The voltage drop across inductor L; is

= Vo=L i (16)
vl =—vc1 = Vg =L —,
L1 C1 0 L
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which gives the current waveform through inductor L

. . 1 [ .
irn =lic1 = —/ vpidt +ip1 (DT)
Ly Jpr

1 t
= — —(Vp)dt +ip1 (DT)
Ly Jpr

Vo .
=-I (t —DT) + i1 (DT)
1

DTV
1

_ Yo _pr- +ir1(0). (17
Ly

The magnetic energy stored in the magnetic field in inductor
L decreases with the time as a second-order function

I,
wrL1r = §L11L1(t)
1 Vo DTV, 2
=-L)|—-—t—-DT) — ——— +1i . 18
3 1|: L ( ) L +1Llj| (18)

The drain-to-source voltage is
vps = Vi —ve1 = Vi = (=Vo) = Vi + Vo. (19)

The voltage across inductor L; is

dir»
vio & —Vo =L——, 20
L2 0 2 (20)

producing the current through this inductor is given by

1 t
iy = —/ vradt +ipo (DT)
L Jpr
t

= — —(Vp)dt +ip2 (DT)
L Jpr

Vo .
=——(—DT) + i (DT)
Ly
Vo
Ly

The magnetic energy stored in the magnetic field in inductor
Ly decreases with time

D
o =22V i, e
L

1,
wro = ELzle(t)

L VO(z DT)
_21 Ly

DTVo
1

2
+ir2 (0)} - (22)
The diode current is expressed as
ip=ir1 +ic1=irL1 +ir2

Vo . Vo .
=-I. (t—=DT)+iL1 (DT) — I, (t —DT) + i (DT)
1 2

= —%(t —DT)+ip1 (DT) +ip2 (DT) . (23)
P

The diode and switch ripple currents are the same and
expressed as follows:

DV, (1-D)Vo

Aip = Ais = Airy + Aigs (DT) = -
fsLp fsLp

(24)
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1Il. DC YVOLTAGE CONVERSION RATIO

In a DC-DC PWM converter operating in steady state, the
balance of the magnetic linkage of inductor L; is |A){1| =
|AX;|. Hence, using the volt-second balance for the voltage
across inductor L or L, one obtains

DTV; = (1 — DTV, (25)

which results in the dc conversion voltage ratio of the lossless
Zeta converter

v Vo _Via _ I _Ios _Ios
he = Vio Vps Io Ip I
D D
-~ (26)
D’ 1-D

Hence, duty cycle of the lossless Zeta converter required for
achieving a desired Mypc is
_ Mypc
Mypc + 1
Fig. 3 shows the dc voltage transfer function as a function of
the duty cycle D for lossless converter (n = 100%).

27)
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FIGURE 3. DC voltage transfer function Mypc = D/(1 — D) as a function of
the duty cycle D for non-isolated Zeta converter at efficiency n = 100%.

The converter efficiency is

Po 1oVo
P, 7 ipcMypc

M :
VDC (lossy) . (28)
M VDC (lossless)
Therefore, the dc voltage transfer function of the real lossy

Zeta converter is reduced by the converter efficiency

M (29)

V,
VDC (lossy) = 7? = NMyDC(lossiess) = nﬁ
and the required duty cycle for the lossy Zeta converter is

Mypc

= — (30)
Mypc +1n

IV. BOUNDARY BETWEEN CCM AND DCM
The peak-to-peak inductor ripple currents at the boundary
between CCM and DCM modes are

. _(1-DWo
Aipy = fsT (31)

2638

and

(=D
AILZ = fYT (32)

At the CCM/DCM boundary, the diode current at the end of
the cycle is ip(T) = 0. The peak diode current occures at
t = DT and is given by

Aip = ip (DT) = Airy + Airy
_U-DVo (1-D)Vo _(1-D)Vp
Sk fsla rL,

The average diode current over the cycle is equal to the dc
load current. The load current at the boundary CCM/DCM is

(33)

Vo(l — D)?
2f;L,,

where it is assumed that the converter is operated at a constant
output voltage. Fig. 4 shows the normalized load current
Io/(Vo/2fsLy) as a function of the duty cycle D for the loss-
less non-isolated Zeta converter at n = 100%.

The load resistance at the boundary between CCM and
DCM is

L _1(-DTAip _
OB—T ) =

) (34)

Vo _ 2Ly

Tl (1-Dp (%)

Rip

Fig. 4 shows the normalized load resistance Ryp/2f;L, as a
function of the duty cycle D for loss-less non-isolated Zeta
converter at n = 100%.

1

091

0.6 CCM

0.3} DCM

0 0.2 0.4 0.6 0.8 1
D

FIGURE 4. Normalized load current Ip/(Vg/2fsLp) as a function of the

duty cycle D for lossless non-isolated Zeta converter at efficiency
7 = 100%.

From (35), the Zeta converter operates in the continuous-
conduction mode for the total inductance given by

LiL, _Vo(l-D)y

Lp > Lpmin = Li+Ly  2flomin 2
which, for at D = 0.5, results in
Lymin = 0.125 Yo (37)
Sslomin
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FIGURE 5. Normalized load resistance R, /2fsLp as a function of the duty
cycle D for loss-less non-isolated Zeta converter at efficiency n = 100%.

Let Ly, = aL;. Then
L, _ Li(aly) _a

= = Ly, 38
P L+ L, Li+aly a+1 ! (38)
yielding the inductances
1
L = (— + 1) L, (39)
a
and
Ly = (a+ DL,. (40)

For a converter operated a constant dc input voltage Vj, the
combination of (34) and (27)
Vo(l = D)*  V;D(1 — D)
lop = = , (41)
2fsLp 2fsLy
which produces the minimum inductance for CCM at a
constant input voltage V;

ViD(1 — D)
Loy = A 2 (42)
bt 2fSIOmin
For D =0.5,
Vi
Lymin = 0.125 . (43)
b fSIOmin

V. MAXIMUM VOLTAGES AND CURRENTS
The maximum voltage of the drain-to-source voltage and the
maximum reverse diode voltage are

Vo

Vosmax = Vomax = Vimax + Vo = (44)

min
It is assumed above that the dc output voltage Vp is fixed,
like in many applications of DC-DC converters. If the output
voltage V varies, the maximum dc output voltage Vomax
should be used, like in battery and super-capacitor chargers.
The maximum voltages across capacitors C; and C, are

Vetmar = Veamar = Vo. 45)

VOLUME 12, 2024

The maximum current through inductor L1 is

D IOmax Ailea)c
1 — Dyiin 2
D] 1 — Dyin) Vi
_ Omax + ( mzn) o (46)
1 - Dmin 2f$L1

and the maximum current through inductor L, is

Ileax =

Alpomax

2
(I = Dmin) Vo
- Iomax + T’ZZ (47)
The maximum drain current and the maximum diode
current are

I 2max = Tomax +

IDSmax = IDMmax = Ileax + IL2max
Dmin
1- Dmin

~ Ilmax + IOmax = Iomax + Iomax

1
=— Lomar- (48)

1 — Dyin
VI. CAPACITORS OF ZETA CONVERTER
The equivalent circuit of the coupling capacitor is the
combination of capacitance C; and its series equivalent
resistance (ESR) r¢1, related waveforms are shown in Fig. 6.

i1 4

0

oT T ¢
- o N
R
oT
o A >
\/ T t
v g
0 >
DT T ¢

Vea

FIGURE 6. Waveforms across equivalent components of the coupling
capacitor C;.

For 0 < ¢t < DT, the current through coupling capacitor
C 1 is

ic1 ® —Ip, (49)

yielding the voltage waveform across capacitance Cy
1/,
ver = —/ icidt +vci (0)
Ci Jo

1 ! I
= C_l/o (—lo)dt +vc1 (0) = —C—Olf +vei1 (0). (50)

Hence,

DIlp
JsCi

1
ve1(DT) = _C_OlDT +ve1(0) = ——2 +ve1(0)  (51)
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and the peak-to-peak voltage across coupling capacitance
Cyis
Avcr = vce1(0) —vei1(DT)
) [ Dlo (0)} Plo  (s2)
=vc1lU) — | — vei = .
1€ 1sC

This gives the maximum peak-to-peak voltage change
across Cy

D max I Omax

Veipp = , (53)
pp £,Ci
resulting in the maximum coupling capacitance
DaxI
C1 > Cimin = M (54
vaclpp
The minimum coupling capacitor current is

IClmin ~ IOmax- (55)

During time interval DT < ¢t < T, the coupling capacitor
current is
D
1-D
and the voltage waveform across the coupling capaci-
tance Cj is

Icr =11 =1p (56)

1 t
— icidt + vcy1 (DT)

vc1 =
Ci Jor
L [" Do dt +vei (0)
= — v
Ci Jpr 1—D ¢
DIlp
= =5 =D +vei OD).  (57)

The maximum current through the coupling capacitance C
is
D .
Icimax = 11 = IOmaxl_Ll;jnino (58)
The maximum peak-to-peak current through the coupling
capacitance Cj is

IClppmax = Ictmax — Ic1min
= Ilmax - (_IOmax) = IImax + IOmax
Dminl Omax I, Omax
=—— —lomax = T—f—- (59)
1 - Dmin 1- Dmin
Hence, the maximum peak-to-peak voltage across resis-
tance rcq is

rcilo
VrClppmax = rClerlppmaxTrln)ax’ (60)
producing the the maximum allowed ESR of Cj is
1 — Dy
'Clmax = VrClppmax—mm~ (61)
Tomax

The total peak-to-peak voltage ripple of physical capaci-
tor Cq is

DyaxIomax rctlomax
V. =Vcip +V, =
P T = e T T Dy
Diax rci )
=1Ip ( + . (62)
e f:vcl 1 - Dmin
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VII. LOSSES IN THE ZETA CONVERTER

Fig. 7 shows the equivalent circuit of a non-isolated
Zeta converter with parasitic resistances and diode offset
voltage VF.

i G L 112

i
.4 Vs - Tos ) ra P >
s _ ), S
+ Va N
Lig v, Do \ ~ C, T~vo +
<
p——— . - . - >
Vi=—= ,“l 'DT ’al R, 3 Vo
Vp -
_
[ Ve ro
Rre
.

FIGURE 7. Equivalent circuit of non-isolated Zeta converter with parasitic
resistances and diode offset voltage.

Neglecting the current ripple, the switch current is

Ip
I +1p = —— for0 <t <DT;
g~ Tt lo=y—p for0=t= (63)

0 for DT <t <T.

Hence, the rms switch current is
1 DT 1 DT IO 2
Isyms = 1| — 2dt = | — dr
S \/T/o s \/T/o (1—D)
I 1 [PT Iov/D
=2 — | a= i, (64)
1-D\T ) 1-D

yielding the mosfet conduction power loss

DrpsI} Dr
Pips = 10815, = (= o = Ty ae-Po- (69
The mosfet turn-on time is t7,, = fi + t,r, Where #;, is the
drain current rise time and t,y is the drain-to-source voltage
fall time during the mosfet turn-on. Assume that the mosfet
turn-off time is 7, = tgpy. The drain currentis ip ~ Ipgon =
I; + 1p = Ip/(1 — D) during the mosfet on time. The drain-
to-source voltage is vps = Vpsop = Vi + Vo = Vo/D
during the mosfet off time. Hence, the switching power loss
during the turn-on and turn-off mosfet transitions caused by
overlapping the drain current waveform ipg and the drain-to-
source waveform vpg is

1
Py = Efx(tTon + tToﬂ)VDSOﬂIDSon

= %fs(tTon + t7o)(Vi + Vo)Ur + 1o)
_ fs(tTon + tToﬁ‘)VOIO _ fs(tTon + tToﬁ’)P
2D(1 — D) 2D(1 — D)
_ fv(tTon + tTo}j‘)Vé
2D(1 — D)Ry,
The minimum switching power loss occurs at D = 0.5. The
total mosfet power loss is

(66)

Drps (t7on + trofr)

3D = D) Po.  (67)

Prer =

VOLUME 12, 2024
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The current through inductor L; is

. IoD
iy I =11 = Ipims = 1-p (68)

producing the power loss in inductor Ly ESR r7, given as
D*rp13 D*rpy
Py = roil} = 9 — Po. (69)
7 Llrms (1— D)2 (1— D)2 Ry

The current through the coupling capacitor C; can be
approximated as

—Ip for0 <t <DT;
~[ 0 oru<it =< (70)

i P~
cl I, forDT <t <T.

The rms value of the coupling capacitor current Cy is

1 T
2
Iciims = 7/ lCldt
0

1 DT2 1 T2
=./= I5dt + — I7dt
T/O o +T/DT1

D

DI} +(1—-D)I} =1o

. (71)
Thus, the conduction power loss in the coupling capacitor C;
is

DI}rc Drcy

Prct = re1DIG s = a-D - a-prto ™

The current through the filter capacitor C; is

Airat Al for0 < t < DT
.| ot T2 ==
‘7] diat =DD) | Airs forDT <t <T 7
(1—D)T 2 =4

The rms current through the filter capacitor C; is

1 /T , Airy  (1-D)Vp

— in,dt = = . (74
T )y € V12 V1260

The power loss in the ESR of the filter capacitor C; is given
by

Icoms =

. 2
[ A2 rco (=D Vyrez
rC2 = rC2Ucoms = T 5 T 127212

s 2

_ (1=D)*reaRy

Po. 75
127212 0 (75)

This power is usually very low and can be neglected.
The current through the inductor L, is

ir2 ~ lo = Ir2mms, (76)

which gives the power loss in the ESR r7, of inductor L,

rr2
Pio = rialfy g = r2ll = 7, Fo (77)

VOLUME 12, 2024

The diode current is

0 for0 <t < DT;

ip & 1 78
b 1,+10=% for DT <1 <T. (78)

The average diode current is approximated by

I T'dt L[t o dt =1 (79)
D= — 175) = — = 10,
DT T Jpr1—-D
yielding the power loss in the diode offset voltage source V¢
Vi
Pyr = Vrlo = —Po. (80)
Vo

The diode rms current is

1 /7, 1 (T( 1o \?
IDrmS:\/T/O l%dt:\/?‘/o (I—D) dl
Iop

=5 8D
Hence, the power loss in the diode forward resistance is
2
Prr = Rl = 100 = & (fF_ 5Po ®
The overall power loss in the diode is
FI
Pp = Prr + Pyr = T-D + Vrlo
= I%PO + “j—zpo. (83)
The total power loss in Zeta converter is
Prs=Pips~+Psy+Pp+Pr1+Pr2+Prci+Prc2
_ [ Drps Ss(ton+110f7) RF +ﬁ
(1-D)2R;,  2D(1-D)  R.(1-D) Vp
D’py ra  Drei  (1-D)? rczRL] »
+ (1-D)?R;, R. (1-D)Ry 12f2L2
(84)
VIil. DESIGN AND EFFICIENCY OF ZETA CONVERTER
A. CONVERTER DESIGN PROCEDURE
The efficiency of the Zeta converter is
Po Po 1
UZP_1=P1+PLS=1+Pﬁ’ (8
Po
where
Ps _Vrp Dros  _ Rr D?rp L
Po Vo (1-DyR, (1-DR, (1-D)R. Ry
Drcy rcoRL(1 = DY fitron+11o)
(I —D)R 12f2L2 2D(1 = D)’
(86)

Taking into account the converter efficiency n, the dc
voltage transfer function of the Zeta converter is

Vo D 1 D
—:n = P .
Vi 1-D 1+%1—D

Mypc = 87
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A Zeta converter was designed and simulated for the
following specifications: V; = 12 23V, Vo = 12V,
Ip = 0.1-1 A, and Pp = 1.2-12 W. This corresponds to
Rp =120-12 Q and Pp = 1.2-12 W, respectively. The values
of the DC voltage transfer function are derived as

Vo

Mypcmin = = 0.81. (88)
Vimax
V
Mypcmax = —2— = 0.67. (89)
Vimin

According to (87) the nominal duty cycle is Dy, = 0.526 at
Vi = 12V, assuming n = 90%, wile the minimum and the
maximum values duty cycle are determined as

M .
Dyin = ——22EM" 0,44 (90)
Mypcmin + 1
and
Mvypcmax
Dygy = ——— = 0.57, (C2)
" Mypemax + 1
respectively.

The maximum drain-to-source voltage of the MOSFET
and the maximum reverse diode voltage are

Vosmax = Vimax + Vo =27 V. (92)
The maximum currents of the MOSFET and the diode are
Io
Ipsmax = Ipmax = M 19A. (93)
1- Dmin

This allows for a proper MOSFET and diode selection.
Assume the switching frequency f; = 2 MHz. Accord-
ing to 42, the equivalent inductance is calculated as
L, =8.42 uH. Let us assume L,=11 uH, hence L; = L, =
2L, =22 pH.

The peak-to-peak ripple current of capacitor C; is

IOmax
_omax 1 9A. (94)
1 - Dmin

and this allows for a maximum capacitor Cj equivalent series
resistance

AIClmax =

Vici

= ——— =16.1 mQ. 95
'Clmax AIC Lmax m 95)
while the resulting capacitance is
LomaxD
C1 > Crpin = 20ax=max _ 10 14 yF. (96)
fsVClpp

The maximum voltage across capacitor C1 i8S Vcimax =

12 V. The peak-to-peak ripple current of capacitor C, and

inductor L, is

Vo(l — Dy

Yol = Duin) _ ) 14 A ©7)
vaZ

The resulting allowed capacitor C; ESR is

Alcomax =

Vica

=107 mQ. (98)
Alcomax

r'C2max =
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FIGURE 8. Converter efficiency 7 as a function of duty cycle D at
Vg =12V and load currents /o = 0.12, 0.5, and 1 A for the non-isolated
Zeta converter.
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FIGURE 9. Converter efficiency 7 as a function of duty cycle D at

Vo = 12V and load currents /o = 0.12, 0.5, and 1 A, when switching
losses are neglected.
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FIGURE 10. Converter efficiency 5 as a function of duty cycle D at

Vo = 12V and load currents /o = 0.12, 0.5, and 1 A, when only switching
losses are considered.

Capacitor C, value is determined by
max(Dmax» 1- Dmin)
2fsrea

The maximum voltage across capacitor C2 is Veomax = 12 V.

— 138 uF.  (99)

Cy > Copin =
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FIGURE 11. Converter efficiency 7 as a function of I at Vg = 12 V and dc
input voltages V; =9, 12, and 15 V.
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FIGURE 12. Converter efficiency 5 as a function of R, at Vo = 12 V and at
input voltages V; =9, 12, and 15 V.
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FIGURE 13. DC voltage transfer functions Myp¢ as a function of the duty
cycle D at Ig = 1 A (1) for a loss-less converter Vg = 12 V, (2) a lossy
converter at Vg = 12V, (3) for lossy converter at V; = 12 V.

The parasitic components values utilized in the simulations
are as follows: rps = 182 mS2, f,; = 4 ns, 15 = 3 ns,
VF =04V, Rr =17 mQ, rp1 = 132 mL, rip = 52 m,
rcl1 = 6 mSZ, and rcp = 140 mQ.
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FIGURE 14. Power mosfet switching losses P,s, as a function of the duty
cycdeDatVp =12V
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FIGURE 15. Conduction power losses P ,,4 as a function of duty cycle D
(with D ranging from 0.01 to 0.99) at Vo = 12 V.
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FIGURE 16. Conduction power losses P ,,q as a function of duty cycle D
(with D ranging from 0.05 to 0.95) at Vg = 12 V.

B. EFFICIENCY ANALYSIS
Fig. 8 shows the converter efficiency 1 as a function of duty
cycle D at Vo = 12 V for at three values of the load current
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FIGURE 17. Inductor L, ESR power loss P;; as a function of duty cycle D
(with D ranging from 0.05 to 0.95) at Vg = 12 V.
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FIGURE 19. Experimental test setup.

Io =0.12,0.5,and 1 A, i.e., at R = 10, 24, and 12 2 and
Pop = 1.44, 6, and 12 W, respectively.

The switching frequency is fy = 2 MHz Assuming that
the converter efficiency is nn = 90%, the duty cycle
calculated from (30) is D, = 0.473 at Ve = 15V,
and D, = 0.599 at Vi, = 9 V. It can be observed that
the converter efficiency 7 is high for D in the range from
0.1 to 0.8, and it is low for D = 0-0.1 and D = 0.8-1. As
D become close to 0 or 1, the term 1/D(1 — D) present in Py,
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FIGURE 20. Converter efficiency at R, = 12 @ (Blue plots), R, =6 @
(Red plots), and R; = 3 @ (Black plots). C Continuous line: analytical,
dashed line: simulations, dots: experimental.
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FIGURE 21. Converter dc voltage transfer function at R; = 12 @
(Blue plots), R; = 6 2 (Red plots), and R; = 3 @ (Black plots). Continuous
line: analytical, dashed line: simulations, dots: experimental.

approaches infinity and, therefore, the efficiency decreases to
0. Fig. 9 shows the converter efficiency, when the switching
losses Py, are neglected. In this case, the efficiency does
not decrease at D = 0, but it still does at D = 1. Fig. 10
shows the converter efficiency when only stitching losses are
considered, demonstrating that switching losses contribute to
the efficiency reduction both at D = 0 and D = 1.

The converter efficiency 7n is depicted in Fig. 11 as a
function of the load current Ip at Vo = 12 V and at
three values of the dc input voltage V; = 9, 12, and 15 V.
As seen, the converter efficiency 1 linearly decreases when
load current [y is increased. It also decreases as the dc input
voltage V; decreases.
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FIGURE 22. Experimental waveforms at Vo = 12V, and R; = 6 Q. Horizontal axis, time, 10 ps/div. a) D = 0.4. Vertical axis: inductor i;; current (1 A/div),
upper trace; voltage across the mosfet v, lower trace. (b) D = 0.4. Vertical axis: inductor i;, current (1 A/div), upper trace; voltage across the diode vp
(50 V/div). (c) D = 0.5. Vertical axis: inductor i;; current (1 A/div), lower trace; voltage across the mosfet vg (100 V/div), lower trace. (d) D = 0.5. Vertical
axis: inductor i;, current (1 A/div), upper trace, voltage across the diode v (50 V/div), lower trace. (e) D = 0.6. Vertical axis: inductor i;; current

(0.5 A/div), upper trace, voltage across the mosfet vg (50 V/div), lower trace. (f) D = 0.6. Vertical axis: inductor i;, current (0.5 A/div), lower trace; voltage

across the diode vp (50 V/div), lower trace.

Fig. 12 shows the converter efficiency 1 as a function of
the load resistance Ry, at Vo = 12 V and at three values of
the dc input voltage V; = 9, 12, and 15 V. The efficiency n
increases as the load resistance R; was increased and it is
higher at higher voltages V;.
Fig. 13 shows a comparison of the dc voltage transfer
function Mypc as a function of duty cycle D for three
cases:
1) the loss-less converter with Vo = 12V, Ip = 1 A
(Rp = 12 ), and variable dc input voltage Vj,

2) the lossy converter with Vo = 12 V, Ip = 1 A
(R, = 12 Q), and variable dc input voltage V;,

3) for the lossy converter with V; = 12V, Ip = 1 A, and
variable dc output voltage V.

For the lossy converter, the dc transfer function Mypc is
low for the duty cycle D close to 1. This is because the
efficiency is low at high values of the duty cycle D.
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IX. CASE STUDY, SIMULATION, AND EXPERIMENTAL
RESULTS

A. EXPERIMENTAL CONVERTER DESIGN

To validate the theoretical derivations, a Zeta converter was
designed according to the following design specifications
and, then, simulated and experimentally tested. The converter
was designed to operate at a minimum output power
Pomin = 12 W, a maximum output power Popuqy = 48 W,
at a constant output voltage Vo = 12V, for an input voltage
ranging from Vpi, = 10 V to Ve = 22.5 V. Assuming the
converter efficiency n = 0.8, according to (30), the duty cycle
is in a range determined as follows:

. _Mvpcmin_ _ 12/22.5 _
Dmin = 31pcmin = 127225508 = 0-4 (100)
and
_ _Mvpomar  _ 12/]0 _
Dimax = 3ypepstn = 12710408 = 0-6- (101)
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The switching frequency f; = 100 kHz was chosen and
from (37), one can derive

0.125x12

0% 105> 12 = 125 nH.

Lymin = (102)

According to (39) and (40) assuming a = 1, the minimum
value of the converter inductance is Ly,in = Lymin = 2.5 uH.
According to (59), the voltage ripple Vcipp = 150 mV was
achieved if C; = 47 wF. Similarly, according to [20] a
capacitance C, = 50 uF allows the output voltage ripple
Veopp = Vopp = 100 mV to be achieved.

B. SIMULATIONS AND EXPERIMENTAL RESULTS
The designed and tested circuit, is shown in Fig. 18,
here, two inductors L; = Lp = 47 uH were utilized to
achieve the CCM operation over the entire load range. Both
the inductors were 7443763540470 devices with a rated
current I; = 32 A, a maximum inductor dc resistance
pCmaxy = 0.38 mE, and a self-resonance frequency
fseir = 6 MHz. The capacitors utilized in the experimental
circuit were two MKP1848S65050JYF ceramic devices with
a capacitance C; = C = 50 uF each. The experimental
circuit was built and the breadboard is shown in Fig. 18,
which shows the inductors and te capacitors,,as well as
the heat sink of the TP65H023WS power mosfet, which is
an N-channel device, TO-247 package, GaN device with
VDS = 650 V, ID = 46.5 A, and DS(on) = 41 mQ, and
that of the IDW40G65C5 device, which is a SiC Schottky
diode, PG-TO247 package, with Vpc = 650V, Ir = 40 A,
and Rr = 12.5 mS2. The circuit was both simulated with LT
Spice and experimentally tested at V; = 22.5 V, 15V, and
10 V, which resulted in Vp = 12 V at D = 0.4, 0.5, and 0.6,
respectively. The experimental set-up is shown in Fig. 19.

Fig. 20 shows the plots of the converter efficiency
and Fig. 21 shows the plots of the dc voltage transfer
function, according to the values resulting from the analytical
derivation introduced in this paper, the LT Spice simulations
and the measurements of the experimental circuit. The
simulations and the experimental tests were performed at a
constant output voltage Vo = 12 V, several values of input
voltage, and a variable load, with Ip = 1 A,2 A, and 4 A.

The theoretical derivation results were in agreement with
those of simulations and experimental tests. According to
theoretical derivations, the power losses increase at high
values of D and, therefore, the efficiency become low when
D > 0.6. The dc voltage transfer function is affected by losses
only at higher values of the output current.

The waveforms of iri, vs, iz, and vp are plotted in
Figs. 22 (a) and (b) at D = 0.4, in Figs. 22 (c) and (d), and in
Figs. 22 (e) and (f) at D = 0.6.

X. CONCLUSION

The analysis of the non-isolated DC-DC PWM Zeta DC-DC
PWM or steady-state CCM operation has been presented.
The analysis gave insight on the electrical behaviour of the
converter, expecially referring to the DC transfer function,
losses due to parasitics and converter efficiency. A design
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procedure has been derived by using the equations to size
the reactive elements, which have been derived and used
to design a prototype of the converter. The theoretical
results have been verified by simulations with LTSpice
and experimental tests. The analysis on the losses and the
efficiency highlighted that efficiency the power losses are
high and the converter efficiency is low at the duty cycle D
close to 0 and 1. At duty cycle D close to 0, switching losses
are high, reducing the efficiency n while conduction losses
are low. At duty cycle D close to 1, both the conduction and
switching losses are high, reducing the efficiency n and the
voltage conversion ratio Mypc. The Zeta converter topology
can be used in place of buck and boost cascaded converters
to achieve a dc output voltage lower and higher than the dc
input voltage. Moreover this converter is extremely useful due
to its ripple distribution in PV and SC related applications.
Therefore, the derived equations and dependencies are a key
asset for the correct sizing of an energy conversion system
when high efficiencies are mandatory as in energy harvesting
scenarios.

Finally, the complete circuit analysis of this converter
represent the base for the development, as a future work,
of the converter small-signal models, applicable in the
design of the converter control circuit and also for the
development of specific applications such as maximum
power point tracking for photovoltaic sources or dynamic
current adjustment for supercapacitors DC links.
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