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ANALYSIS AND DESIGN OF COMMON-DIODE TAPPED-INDUCTOR
PWM BUCK CONVERTER IN CCM

Nisha Kondrath and Marian K. Kazimierczuk
Wright State University

Abstract: The analysis of common-diode tapped-
inductor (diode-to-tap) PWM buck converter
operating in CCM is presented. Considering the
circuit operations in two different time intervals, the
idealized voltage and current waveforms of the circuit
components are obtained. Expressions for dc voltage
transfer function and component stresses are derived.
A design example is presented and is validated using
Saber simulations.
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I. INTRODUCTION

Different tapped-inductor configurations of dc-dc PWM
converters are presented in [1]-[9]. Compared to
conventional PWM converters, the converters with
tapped-inductor configurations permit the duty cycle to
be adjusted to values which are neither close to 0 nor
close to 1. Furthermore, a better utilization of switching
and passive components can be achieved. Also, multiple
outputs are possible [8].

The purpose of this paper is to provide an extension to
the previous work published in [2]-[4] by presenting the
analysis and design of the common-diode tapped-
inductor PWM buck converter operating in continuous
conduction mode (CCM). This circuit is also known as
diode-to-tap buck converter [3], [4]. The idealized
voltage and current waveforms of the circuit components
are derived by considering the circuit operation in two
different time intervals. The dc voltage transfer function
is derived by applying volt-second balance to the tapped-
inductor voltage waveform. Also, the voltage stresses as
well as the current stresses on the switching devices are
obtained. Using the analysis, a common-diode tapped-
inductor buck converter for the given specifications is
designed and the design is validated using Saber
simulations.

In Section II, the circuit operation of the common-diode
tapped-inductor buck converter operating in the CCM is
discussed and the ideal voltage as well as current
waveforms associated with each component are obtained.
The DC voltage transfer function of the converter in

Figure 1. Circuit of common-diode tapped-inductor
PWM buck converter.

CCM mode is derived and the stresses associated with
each switching component are obtained in Sections III
and IV, respectively. The design of the converter is
presented in Section V. In Sections VI and VII, the
validation using Saber simulations as well as the
conclusions are presented.

II. CIRCUIT OPERATION

The common-diode tapped-inductor buck converter
circuit is shown in Figure 1. The circuit components
include a MOSFET S, a diode D, a tapped-inductor L
with a primary inductance of L, and a secondary
inductance of L,, a filter capacitor C, and a load
resistance R;. The MOSFET S, is turned on by a pulse-
width modulator output, which in turn decides the duty

L ?on
cycle of the circuit, D =

, Where ¢, is the time
t,, +1 of f

for which the MOSFET is ON and t, is the time for

which the MOSFET is OFF. When N, = 0, the

configuration reduces to that of a conventional buck

converter. The turns ratio of the tapped inductor is

defined as
n=—=—"t_" 1412, (1)

where N, is the number of turns in the primary, N; is the
number of turns in the secondary, v is the voltage across
the total number of turns N = N, +N;, and v; is the voltage
across the secondary of the tapped inductor. Therefore,

=27y and vs=1. 2)
n n

Vp
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Figure 2. Equivalent circuits in two intervals:
(@) 0<st=DT (b) DT =<t =T.

Now the circuit operation is analyzed by considering two
time intervals, the on-time interval ¢,, and the off-time
interval

A. On-time Interval O <¢ < DT

During this interval, S; is ON and D; is OFF. The
equivalent circuit is shown in Figure 2(a). Since S; is
closed, the voltage across the switch, vg; = 0. The voltage
across the total number of turns N, + N; is

v=V,-V,. 3)
Also, the voltage across the diode is
v V,+\n-=-1)V,
Vp ==V, =Vg=——=V, = -M. (4)
n n
The current through the inductor is given by
1! Vv, -V,
ip =—(vdt+i (0)=——%¢+i,(0). 5
s @=" 0. ©®
Therefore, the switch current is obtained as
: . V=Y .
lS1=lL=—1L % 1+i,00) (6)
and the diode current is
iD] = 0. (7)

B. Off-time Interval DT <t <T

In this interval, Sy is OFF and D, is ON. The equivalent
circuit is shown in Figure 2(b). The voltage across the
diode, vp; = 0, and the voltage across the secondary is

I

V51 . Vit - 1%, .
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Figure 3. Idealized voltage and current waveforms in
common-diode tapped-inductor buck converter in CCM.

vy ==V,
as the diode is closed in this interval. Thus, the voltage
across the total number of turns is
v=nv, =-nV,. (®)
Therefore, the voltage across the switch can be obtained
as
vs1 =V =v=Vo =V +(-1). ©)
The current through the secondary of the inductor is

obtained as
t

%fvdHiL(DT)

DT

lLS =}’llL =n

=-n? VTO(t—DT)+ ni, (DT). (10)
Therefore, the diode current is
ip) =ip =—n2VTO(I—DT)+niL(DT) (11)

and the switch current is
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Figure 4. DC voltage transfer function for different
values of tapped-inductor turns ratio.

The idealized voltage and current waveforms for one
period are obtained using (3)-(12). The obtained voltage
and current waveforms for the on-time and off-time
intervals are shown in Figure 3.

III. DC VOLTAGE TRANSFER FUNCTION

Using (2) and (3), the voltage across N turns, when the
switch is ON, is

vV, -V,
v, =19 (13)
n
Using (2) and (8), when the switch is OFF, is
v, =-V,. (14)
Applying volt-second balance to L, we obtain
vV, -V
L 9p-v,(1-D) (15)
Therefore, the dc voltage transfer function is
vV, D
Mype =—%= (16)

v, D+n(l-D)
The variation of the dc voltage transfer function as a
function of the duty cycle for different values of turns
ratio n is shown in Figure 4. The curve with n = 1
corresponds to the conventional buck converter. As n
increases, the dc voltage transfer function decreases for a
given value of duty cycle. Therefore, compared to
regular buck converter, common-diode tapped-inductor
buck converter can avoid operation at very low duty
cycle to achieve low values of dc voltage transfer
function. For example, at D = 0.5, Mypc = 0.5 and 0.2 for
n =1 and 4, respectively.

IV. SWITCHING COMPONENT STRESSES

A. DC Output Current

VAL

i (OT)

i (0)

0 DT T t
Figure 5. Inductor current and input current waveforms
used to obtain the current stresses.

The value of the ripple current in the inductor L can be
obtained as

v, v
Aip =i, (DT)-i,(T)=n—2(T-DT)=n—2-(1-D).
L SiL
(17)
The value of the ripple current in the secondary of the
inductor L can be obtained as

V
Aiy, =i, (DT)-i,,(T)=n? f—OL(l—D)= nhi,. (18)
The average value of the output current is the average
value of the current through the secondary of the
inductor L,. Therefore,

. Vi=Vo

17 1 [?
Io =?fiLsdt=F{f
0 0

+ D}T [- n’ VTO(t - DT )+ni, (DT)]dt}

[+i) (0)}dt

=D[V’2_LV0 DT +i, (0)}
+ (1—0)[-;42 IZ/—Z(T—DT)+n i (DT)}

=D[%DT)+"LT(O)}+14(1-D)["LT(T)+%DT)}

=[D+n(1—D)][iL (0)+A%}. (19)

The inductor currents and the input current waveforms
are shown in Figure 5.

B. MOSFET Stresses

Using (9), the voltage stress for S is given by

VSlmax = Vlmax + (I’l - 1)/0 . (20)
From Figures 3 and 5 and using (19), the current stress
on S can be obtained as
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Ai Ai
. . . L max L max
ISlmax =lp (O)max + Aleax =1L (O)max + +

2 2

- Lomax n2o (-p,, 21

Dmin + I’l(l _Dmin ) 2st ( . ) ( )
Compared to the conventional buck converter, the
voltage stress across the MOSFET in a tapped inductor
common-diode buck converter increases where as the
current stress in the MOSFET decreases.

C. Diode Stresses

Using (4), the voltage stress for D, is given by
Vimax * (n ‘1)/0

.
VDimax = = Simax 22)

n n
From Figs. 3 and 5, the maximum current flows through
Dy at t = DT. Therefore,
IDlmax =i (DT) (23)

Using (10) and (18), the current through L at ¢t = DT is
obtained as

irg (DT)=niL (DT)=n|jL (O)max +AiLmaxJ (24)
Thus, the current stress on D; can be obtained as

IDlmax = nISlmax

L0 man +n0 (-D,. ). @5
Dmin +n(]_Dmin 2st
By wusing a tapped-inductor common-diode buck
converter, the voltage stress across the diode can be
decreased from that in a conventional buck converter.
However, the current stress in the diode increases.

V. DESIGN EXAMPLE

A common-diode tapped-inductor buck converter with
input voltage V; = 2444 V, output voltage Vo = 8 V,
output current /o = 0.1 to 1 A, ripple voltage V, = 1% of
output voltage, and switching frequency f; = 100 kHz is
designed as follows:

For a conventional buck converter, the duty cycle

v,
=—2  Therefore, the maximum duty cycle is
1

V,
Dy = —2— = 3 0.4,
Vimin 20
the nominal duty cycle is
V,
D,, =——~= 3 0.333,
Vieom 24
and the minimum duty cycle is
V,
D, =—2—= 3 0286
Vi 28

Therefore, the range of duty cycle required to provide the
required dc voltage transfer function in a conventional
buck converter is < 0.286, 0.4 >.

The maximum load resistance is

V,
RLmax =—O=i=809
and the minimum load resistance is
V,
RLmin =—0=§=8 Q.
]Omax 1

A. Value of Total Inductance L

The minimum value of inductance required for the
converter to remain in continuous conduction mode
[71,[10] is given by

Ry 0= Dpin ) 80(1-0.286)
e 2f, 2x10°
Choose L =301pH.

L

= 286pH.

B. Value of Primary Inductance L, and Secondary
Inductance L,
Assume turns ratio,
N, +N, N
n=—"t_ " _1+4L -2,
N N

We know, L o« N*and L, x NSZ.Thus,
2

N N

i=(£) =n’=4and L =L,.
LS NS p ‘
Therefore,
L 301
Lp=LA =—=T=7525HH

C. Value of Capacitance C

The maximum value of the ripple current through the
capacitor [7],[10] is

Voll-D,; 1-0.286
AiLmax = O( e = §( )6 =0.19 A.
fiL 10° x301x10~
The maximum value of the ESR of the capacitor is
V. .
ror =t 2 QOB 01 @
Al ax 0.19

Choose r¢c = 0.039 Q. Therefore, the value of capacitance
required is

Cmin

=max( Dmax 1_Dmin)

Zf‘.vrC ' 2.fsrC
0.4 1-0.286

2x10° x0.039 2x10° x0.039
Pick C =100 pF.

= max( ) =91.67 pF.
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Figure 6: Voltage and current waveforms with k£ = 1 obtained from Saber simulations.

D. Selection of MOSFET

Using (20) and (21), the voltage stress on the MOSFET
is

Vsimae =Vigae + =1V =28+(2-1)8 =36V
and the current stress on the MOSFET is

1 V
Ji _ O max o 1-D..
S1max Dmin + n(l _ Dmin )+ n 2fVL ( min )
1 8(1-0.286)
= +2X
0.286+2(1-0.286) ~ 2x10°x301x10~°
=0.773A.

Select International Rectifier N-channel power MOSFET
IRF530 with VDSS =100 V, [D =14 A, and YDS(on) = 0.16
Q.

E. Selection of Diode

Using (22) and (23), the voltage and current stresses on
the diode are

and
I pimax =M s1max =2%0.773 =1.546 A,

respectively. Select Semiconductor ultrafast rectifier
diode MURS820 with Vz =200 V and /=8 A.

VI. SIMULATION RESULTS

The common-diode designed tapped-inductor buck

converter with ;=28 V, I[p =1 A, and D = 0.445 was
simulated using Saber Sketch. Using (16), the range of
duty cycle required to obtain the required dc voltage
transfer function using the tapped inductor configuration
is obtained as < 0.445, 0.571 >. The Saber models for the
selected components were obtained from the
manufacturers.

The voltage and current waveforms in the MOSFET S,
the diode D, voltage waveform in the total inductance L,
and the current waveform in the secondary of the
coupled inductor L, with a coupling coefficient of £ = 1
are shown in Figure 6. As seen from the figure, the
waveforms agree with the idealized waveforms shown in
Figure 3. But, for all practical applications, it is
impossible to have a unity coupling coefficient due to the
leakage inductance of the transformer. Therefore, the
coupling coefficient of the tapped inductor was chosen to
be k = 0.998. The voltage and current waveforms
obtained with £ = 0.998 is shown in Figure 7.

As seen in Figure 7, the voltage and current waveforms
across the MOSFET, the diode, and the inductor
exhibited ringing at the switching transitions. This
ringing was due to the presence of the leakage
inductance in the tapped-inductor and results in higher
voltage as well as current stresses in the switching
components. This ringing may be reduced by active or
passive clamping to improve the performance of the
converter.
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Figure 7: Voltage and current waveforms with & = 0.998 obtained from Saber simulations.

VII. CONCLUSIONS

The common-diode tapped-inductor buck converter
circuit has been analyzed and the idealized current and
voltage waveforms in the switching components as well
as in the coupled inductor were obtained. Expressions for
the dc voltage transfer function and the component
stresses were derived using the obtained idealized
inductor voltage and current waveforms. A design
example has been presented and has been validated using
Saber Sketch simulations.

At a given value of duty cycle, the dc voltage transfer
function values of common-diode tapped-inductor buck
converter were lower than that of the classical buck
converter. This makes it possible to avoid very low
values of duty cycle to obtain lower values of dc voltage
gain. It was also found that, when compared to the
conventional buck converter, the voltage stress on the
MOSFET increases and that on the diode decreases as
the turns ratio n increases. However, the current stress on
the MOSFET decreases and that on the diode increases
with increase in n, compared to the conventional
configuration. The converter may have multiple outputs
due to the presence of coupled tapped- inductor.

Even though the Saber simulations with k& = 1 agreed
with the idealized waveforms, with k < 1, they revealed
the presence of ringing in all the voltage and current
waveforms during transitions due to the leakage
inductance of the tapped inductor, thereby increasing the
voltage and current stresses on the components even
further. Therefore, to improve the performance of the

converter and to reduce the stresses on the switching
components it is necessary to design a tapped inductor
with high coupling coefficient. This ringing may also be
reduced using active or passive clamping to improve the
performance of the converter as well as to reduce the
stresses.
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