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Introduction

Similar to the SEPIC DC/DC converter topology, the ZETA
converter topology provides a positive output voltage from
an input voltage that varies above and below the output

Figure 1. Simple circuit diagram of
ZETA converter

voltage. The ZETA converter also needs two inductors Cc S LR
and a series capacitor, sometimes called a flying capacitor. Vin
Unlike the SEPIC converter, which is configured with a Q1 T
standard boost converter, the ZETA converter is config- . o s
IN

ured from a buck controller that drives a high-side PMOS
FET. The ZETA converter is another option for regulating
an unregulated input-power supply, like a low-cost wall

wart. To minimize board space, a coupled inductor can be
used. This article explains how to design a ZETA converter =
running in continuous-conduction mode (CCM) with a

coupled inductor.

Basic operation

Figure 1 shows a simple circuit diagram of a
ZETA converter, consisting of an input capac-
itor, Cyy; an output capacitor, Coyr; coupled
inductors L1a and L1b; an AC coupling
capacitor, Cg; a power PMOS FET, Q1; and a
diode, D1. Figure 2 shows the ZETA con-
verter operating in CCM when Q1 is on and
when Q1 is off.

To understand the voltages at the various
circuit nodes, it is important to analyze the
circuit at DC when both switches are off and
not switching. Capacitor C will be in parallel
with Cqy, so C¢ is charged to the output
voltage, Vo, during steady-state CCM.
Figure 2 shows the voltages across Lla and
L1b during CCM operation.

When Q1 is off, the voltage across L1b
must be Vyp since it is in parallel with Cqyr.
Since Cqyr is charged to Vi, the voltage
across Q1 when Q1 is off is Vi + Vours
therefore the voltage across Lla is —Vqoyp
relative to the drain of Q1. When Q1 is on,
capacitor Cg, charged to Vi, is connected
in series with L1b; so the voltage across L1b
is +V]y, and diode D1 sees Vi + Vour-
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Figure 2. ZETA converter during CCM operation
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The currents flowing through various
L & g_ Ve Figure 3. ZETA converter's component currents during CCM
circuit components are shown in Figure 3.

When Q1 is on, energy from the input supply
is being stored in Lla, L1b, and C. L1b also

provides Iop. When Q1 turns off, L1a’s cur- i< Ts i Vi # V
rent continues to flow from current provided IN- Tout
by C¢, and L1b again provides Ip. Vor | DxTs (1-D)xTs
Duty cycle
Assuming 100% efficiency, the duty cycle, D, la1(Peak)
ing i i Iin+ 1
f(?r a ZETA converter operating in CCM is L = IN* lout
given by Qi
v
VIN + VOUT \ \ -
This can be rewritten as Ios NS —
D I \Y
IN _ YOUuT ) (2

1-D Ioyr  Viy

Diax 0ccurs at Viyopiny, and Dy, occurs at

VIN (max)-

Selecting passive components

One of the first steps in designing any PWM
switching regulator is to decide how much IL1a
inductor ripple current, Aly,ppy, to allow. Too

much increases EMI, while too little may
result in unstable PWM operation. A rule of
thumb is to assign a value for K between 0.2

|
and 0.4 of the average input current. A desired Hib

ripple current can be calculated as follows:

Desired AIL(PP) =Kx IIN

3

*Measured flowing into C¢ from Q1’s drain.

=KxI .
*lour X1y
In an ideal, tightly coupled inductor, with each inductor
having the same number of windings on a single core, the
coupling forces the ripple current to be split equally
between the two coupled inductors. In a real coupled
inductor, the inductors do not have equal inductance and
the ripple currents will not be exactly equal. Regardless,
for a desired ripple-current value, the inductance required
in a coupled inductor is estimated to be half of what would
be needed if there were two separate inductors, as shown
in Equation 4:
L1 Llb . =2 Viy <D 4)
P — o= —=X
o 20 Al ppy % fgw(min)

To account for load transients, the coupled inductor’s
saturation current rating needs to be at least 1.2 times the
steady-state peak current in the high-side inductor, as
computed in Equation 5:

I Cpy AL )
Lla(PK) — *OUT 1-D p)

Note that Ile(PK) = IOUT + AIL/Z, which is less than ILla(PK)'
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Like a buck converter, the output of a ZETA converter
has very low ripple. Equation 6 computes the component
of the output ripple voltage that is due solely to the capac-
itance value:

ATy eppy (8 ViNmax) )
8xCour * fswamin)y

AVGyr (PPY = (6)
where fgwuin) is the minimum switching frequency.
Equation 7 computes the component of the output ripple
voltage that is due solely to the output capacitor’s ESR:

AVESR Gy Py = AlLineep) [a ViN(max ¥ ESR, . (7)

Note that these two ripple-voltage components are phase-
shifted and do not directly add together. For low-ESR
(e.g., ceramic) capacitors, the ESR component can be
ignored. A minimum capacitance limit may be necessary
to meet the application’s load-transient requirement.

The output capacitor must have an RMS current rating
greater than the capacitor’s RMS current, as computed in
Equation 8:

I Al yeppy (8 Vingnax] 8
Cour (RMS) = 5 (8
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The input capacitor and the coupling capacitor source
and sink the same current levels, but on opposite switching
cycles. Similar to a buck converter, the input capacitor
and the coupling capacitor need the RMS current rating,

VOUT
Ty rus) = o rus) = Tour \/% 9

Equations 10a and 10b compute the component of the
output ripple voltage that is due solely to the capacitance
value of the respective capacitors:

Dmax X IOUT

AVCIN (PP) = —CIN X fsw(m) (103,)
D I

AVe, PPy = max *1OUT_ (10b)

Co * fsw min)

Equations 11a and 11b compute the component of the
output ripple voltage that is due solely to the ESR value of
the respective capacitors:

AVESR —CIN (PP) = (IIN(max) + IOUT) X ESRCIN

I (11a)
_ our | peg,
1-Dpax N
AVesr_c.pp) = UiNmax) +lour) X ESR¢
11b)
lour (
= m X ESR‘CC

Again, the two ripple-voltage components are phase-shifted
and do not directly add together; and, for low-ESR capaci-
tors, the ESR component can again be ignored. A typical
ripple value is less than 0.05 times the input voltage for
the input capacitor and less than 0.02 times the output
voltage for the coupling capacitor.

Selecting active components

The power MOSFET, Q1, must be carefully selected so
that it can handle the peak voltage and currents while
minimizing power-dissipation losses. The power FET’s
current rating will determine the ZETA converter’s maxi-
mum output current.

As shown in Figure 3, Q1 sees a maximum voltage of
ViNmax) + Your- Q1 must have a peak-current rating of

az)

At the ambient temperature of interest, the FET’s power-
dissipation rating must be greater than the sum of the
conductive losses (a function of the FET's rpgoy,)) and the
switching losses (a function of the FET’s gate charge) as
given in Equation 13:

Iqiepry = Intaceky + ILineery = Iv +Iour +AlL-

Po_q1 =Py, T Fswa *+ Faate
2
=TQ1(rRMS) X IDS(on) (13)

+(ViNnamax) T Your) *Iqicpk) X Qap / Lgate * fswmax)

+VGate X QG X fSW(max)’
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where Qqp is the gate-to-drain charge, Qg is the total gate
charge of the FET, I, is the maximum drive current, and
Vgate is the maximum gate drive from the controller. Q1’s
RMS current is

Ig1crMs) = UiNgmax) +louT )% 4/ Drax

__ lour xVour
VIN (min) X RV, Dmax

The output diode must be able to handle the same peak
current as Q1, Ig; (pky. The diode must also be able to with-
stand a reverse voltage greater than @1’s maximum voltage
(Vingmax) + Vour) to account for transients and ringing.
Since the average diode current is the output current,
the diode’s package must be capable of dissipating up to
Iout % Vewp, Where Vpyp is the Schottky diode’s forward
voltage at I5yp.

(14)

Loop design

The ZETA converter is a fourth-order converter with
multiple real and complex poles and zeroes. Unlike the
SEPIC converter, the ZETA converter does not have a
right-half-plane zero and can be more easily compensated
to achieve a wider loop bandwidth and better load-
transient results with smaller output-capacitance values.
Reference 1 provides a good mathematical model based on
state-space averaging. The model excludes inductor DC
resistance (DCR) but includes capacitor ESR. Even though
the converter in Reference 1 uses ceramic capacitors, for
the following design example, the inductor DCR was sub-
stituted for the capacitor ESR so that the model would
more closely match measured values. The open-loop gain
bandwidth (i.e., the frequency where the gain crosses zero
with an acceptable phase margin of typically 45°), should
be greater than the resonant frequency of L1b and Cg, so
that the feedback loop can dampen the nonsinusoidal
ripple on the output with fundamental frequency at that
resonant frequency.

Design example

For this example, the requirements are for a 12-V, 1-W
supply with n = 0.9 peak efficiency. The load is steady-
state, so few load transients are expected. The 2-A input
supply is 9 to 15 V. A nonsynchronous voltage-mode con-
troller, the Texas Instruments TPS40200, was selected,
running with a switching frequency between 340 and

460 kHz. The maximum allowed ripple at the input and
flying capacitor is respectively 1% of the maximum voltage
across each. The maximum output ripple is 25 mV, and
the maximum ambient temperature is 55°C. Because EMI
is not a concern, an inductor with a lower inductance
value was selected by using the minimum input voltage.
Table 1 on the next page summarizes the design calcula-
tions given earlier. Equations 7 through 9 and Equation 11
were ignored because low-ESR ceramic capacitors with
high RMS current ratings were used.
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Table 1. Computations for example ZETA-converter design

Power Management

BASED ON COMPUTATION
DESIGN EQUATION (ASSUMING n =1) ADJUSTED FORn =0.9 SELECTED COMPONENT/RATING
Passive Components
1 SV N/A N/A
( ) max — 12 v+9 V - / /
12V
A
(1 min = 12V 15V N/A N/A
0.57 1.33A
2 I =1A =133A ——=148A N/A
2 INimax) =127 "0 57 09 /
; _ _ 04A
(3) Desired Al pp) [at Viy(min)] =0.3x1.33A =04 A W=[),44A N/A

1 9V x057 Coilcraft MSD1260: 22 pH — Igps =
(4) using Vin(min) |-1a=|-1b=ixm=13-9 HH 18.9pHx0.9=17.0pF 1.76 A in each winding simultane-
AUAX z ously, Isxr=5A
1 9V x0.57
) Actual Al ppy =—x——————=034A
(4) at Vin(min) L(PP) 2X22LIH><340 KHz N/A
(5) L 1aP) Y Y WLy i 1.43A+0'3;1A =165A
1 15V x0.44
Actual Al ppy = =x ——————=045A
4) 8t Viniman LPPI =9 ™ 22 tHx 340 kHz N/A N/A
Two 10-pF, 25-V X5R ceramics and
c 044 A r one 4.7-pF, 25-V X5R ceramic to pro-
(6) 0UTImin) = 5y - =09 N/A vide good load-transient response
8x0.025Vx 340 kHz and to accommodate ceramic
capacitor derating
057x1A Two 10-pF, 25-V X5R ceramics and
/% 11.2pF one 4.7-yF, 25-V X5R ceramic to
Cinmin) =——————————=11.2F = - HF,
(10a) for Ciy IN(min) = 5 0115 V/ x 340 kHz v 09 124pF accommodate ceramic capacitor
derating
Three 10-pF, 25-V X5R ceramics to
057x1A 14 pF ' ' 4
10b) f Comin =—————————=14yF ——=156pF
(10b) for C¢ Cimin) = 00712V 340 KHz 0.9 u accommodate ceramic capacitor

derating

Active Components

(12) loipk) =1-33A+1A+034 A=267A 148A+1A+034A=282A | N/A
1Ax12V 1.77A Fairchild FDC365P: —35- -

I _ “177A . _ airchi 5P: -35-V, -4.3-A,
(14) Q1(RMS) 9V <057 09 196 A 55-mQ PFET

Py qr=(1.96 A2 x 55mQ
(13) +(15V+12V)x2.82Ax22nC/0.3 Ax460kHz |Included

+8Vx15nCx460kHz =0.54 W

— Pp_pi=1Ax05V=05W N/A MBRS340: 40V, 3 A, SMC
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Figure 4. ZETA-converter design with 9- to 15-V V|, and 12-V Vg,r at1 A
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Figure 4 shows the schematic and Figure 5 the
efficiency of the ZETA converter. On the next page,
Figure 6 shows the converter’s operation in deep
CCM, and Figure 7 shows the loop response. |

Conclusion 09 =
Like the SEPIC converter, the ZETA converter is 6/

another converter topology to provide a regulated
output voltage from an input voltage that varies
above and below the output voltage. The benefits of
the ZETA converter over the SEPIC converter
include lower output-voltage ripple and easier com-
pensation. The drawbacks are the requirements for a
higher input-voltage ripple, a much larger flying ,
capacitor, and a buck controller (like the TPS40200)
capable of driving a high-side PMOS. 055 200 400 600

Ouput Current, loyt (MA)

Figure 5. Efficiency of example ZETA-converter design
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Reference Related Web sites
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averaging technique,” Proc. 5th Int. Conf. Electrical
Engineering/Electronics, Compuler, Telecommuni-
cations and Information Technology (ECTI-CON)
2008, Vol. 2, pp. 969-972.

Figure 6. Operation atViy =9V and lgy;=1A
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Figure 7. Loop response atVjy =9V and 15V, and lgyt=1A
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