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A Unified Modeling Approach to Tapped
Inductor Converters Accounting for

the Leakage Inductance Effects
Jia Yao , Member, IEEE, Kewei Li, Kaisheng Zheng , and Alexander Abramovitz

Abstract—This article suggests a unified modeling approach to
the analysis of tapped-inductor converters. The leakage induc-
tance, inherent to coupled magnetic structures, and the associated
snubber circuit effects were considered and incorporated into the
suggested model. The proposed nonideal tapped inductor switcher
model is formulated as an equivalent subgraph that can help
to model most, if not all, converter topologies that comprise a
two-winding tapped inductor. Both the continuous current mode
and the discontinuous current mode were modeled. To validate the
proposed approach, analysis of a Flyback converter with an RC
snubber is presented. Theoretical prediction of the steady-state
and small-signal behavior of the converters were confirmed by
simulation and experimental results.

Index Terms—DC/DC converter, leakage inductance, small-
signal modeling, tapped inductor (TI), unified modeling cell.

I. INTRODUCTION

TAPPED inductor (TI) converters can attain a wider voltage
conversion ratio than their basic counterparts [1], [2]. This

desirable feature makes TI converters an attractive solution to
numerous industrial and consumer applications, particularly in
the field of alternative energy generation systems, where high
voltage step-up is needed [2], [3].

A practical TI, as any other magnetic device, creates a certain
amount of magnetic field outside the magnetic core [4]. The
leakage magnetic field stores energy and manifests itself as a
leakage inductance in series with the primary and the secondary
windings, see Fig. 1. Magnetic designers seek to minimize the
leakage inductance by application of special winding techniques
[5]–[7]. These can help limit but, not to entirely eliminate the
leakage problem. Hence, practical coupled magnetic devices
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Fig. 1. Coupled magnetic device models (excluding the winding and core
losses). (a) T-model. (b) Cantilever model [4].

always comprise some amount of leakage. Although the leakage
inductance is small compared to the magnetizing inductance, it
impairs the switching processes within a switched circuit. For
this reason, applying TI poses several challenges.

The leakage inductances can oscillate with the parasitic switch
capacitance creating high voltage spikes across the semicon-
ductors. To minimize such “ringing” the energy stored in the
leakage inductance has to be safely discharged. This calls for the
application of various solutions such as resistor-capacitor-diode
(RCD) clamp [4], lossless regenerative snubbers [8], [9], soft
switching techniques [10], or active clamp circuits [15].

In course of the converter’s operation, the leakage inductance
charging and discharging processes introduce current commu-
tation intervals. As a result, additional topological states appear,
which somewhat affect both the steady-state and small-signal
behavior of the power stage. Therefore, the operation and, con-
sequently, analysis and design of TI converters become more
complex.

As an example, the simulated frequency response plot of a
Flyback converter, illustrated in Fig. 2, suggests that the leakage
inductance affects the damping factor of the converters’ small-
signal frequency response functions. As a result, a difference in
between the resonant peak and phase transitions can be observed.
Earlier counterparts considered the impact of the leakage on the
steady-state solution [12], [13], and on small-signal behavior
[14], [15]. However, the improvement is limited due to the lack
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TABLE I
COMPARISON OF MODELING METHODS OF PWM DC–DC CONVERTERS WITH TRANSFORMER/TAPPED INDUCTOR CONVERTERS

Fig. 2. Simulated control-to-output frequency response of a Flyback converter
with RCD clamp for different values of the leakage inductance. (Magnetizing
inductance Lm = 600 µH; leakage inductance: Lk:(0%–10%); input voltage,
Vin = 120 V; turns ratio: 4:1, duty cycle D = 0.5; fs = 65 kHz, Vout ≈ 30V.
Simulated by PSIM v.9.14).

of consideration of the snubber circuit’s effects [16], [17]. Due
to the different operating principles of the various snubbers, the
modeling can vary significantly [18]–[25]. The reduced-order
generalized averaging method was proposed in analyzing the
resonant soft-switching half-bridge converter in [18]. A unified
pulsewidth modulation (PWM) switch model for dc-dc converter
with the coupled inductor is proposed in [19] however, with-
out considering the leakage inductance. While a generalized
PSPICE model for a family of Flyback/boost derived dc–dc
converters with clamp circuit was proposed in [20]. A reduced
order averaged model for Boost/SEPIC derived dc–dc converter
with coupled inductor and passive snubber was proposed in [21].
Also, small-signal model of the Flyback converter with RCD
snubber was derived in [26], however, cannot be applied to a
different topology.

The modeling of converters with active snubber was also
studied. In [22], an averaged model based on time-scale sep-
aration of converter state variable was proposed, while a unified
small-signal model of a generalized switch network for active
clamp was presented in [23]. As shown in this study, the fre-
quency response of a Flyback converter with an RC clamp is

different from an active clamp circuit [23]. The technique of
modeling the lossy snubber circuit, such as RC clamp, was
also suggested [24]–[26]. A unified five terminal behavioral
PSPICE model which considered the leakage inductance was
proposed in [24] and [25] for simulation purposes. However,
the model cannot provide analytical solutions, such as transfer
functions. Analysis of a nonideal Flyback converter with an RCD
clamp was produced by [26], which attained the small-signal
transfer function of the converter. Yet, the analysis lacks the
generalization to other TI topologies. The unified model [27],
[28] were all concerned with a simple inductor cell, thus, do not
consider the leakage effect.

Comparison of the mentioned modeling approaches, shown in
Table I, implies that no unified analytical modeling method for
PWM converters comprising transformer/tapped inductor which
considers the impact of leakage inductance on small-signal
behavior of converters has been reported yet. Moreover, the
DCM operational mode was mostly overlooked in the earlier
literature.

The recently proposed tapped inductor switcher (TIS) model
was suggested to facilitate unified analysis of PWM converters
with TI or simple inductor [29]. However, Abramovitz et al.
[29] treated only ideal (leakage-less) TI converters in continuous
current mode (CCM). In this article, TIS modeling approach
is further extended to account for the effect of the leakage
inductance on the TI converters’ steady-state voltage conversion
ratio as well as on its small-signal transfer functions in both CCM
and discontinuous current mode (DCM) operational conditions.
The proposed models are general and can be applied to most
two-winding TI converter topologies.

To verify the proposed model, an analysis example of Flyback
converter is presented. Simulation and experimental results are
compared to the theoretical predictions derived from the pro-
posed model and stand in good agreement.

II. DERIVATION OF THE TIS_C MODEL

A. TIS_C Equivalent Circuit Topology

The tapped inductor switcher (TIS) block was identified as
an invariant building block of TI PWM converters. A detailed
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Fig. 3. Improved Tapped Inductor Switcher (TIS_C) incorporates the leakage
of the tapped inductor, Llk, and the clamp/discharge terminal C.

Fig. 4. Tapped inductor switcher with the load reflected to primary (CCM
model). (a) Schematic diagram. (b) TIS_C equivalent circuits during the ON

commutation interval. (c) ON-state. (d) OFF commutation interval. (e) OFF-state.

procedure for finding the equivalent parameters of the TIS model
was given in [29] and in the sake of brevity will not be restated
here. The original TIS model assumed a negligible leakage;
however, such an assumption may not always be justified. There-
fore, a more accurate model is desirable. The proposed tapped
inductor switcher (TIS_C) incorporates the leakage of the tapped
inductor, Llk, and the clamp/discharge terminal C as illustrated
in Fig. 3. Identification of the TIS_C within several converter
topologies is shown in the Appendix.

1) State Analysis and Basic Assumptions: The equivalent
circuit of TIS_C with the secondary side referred to the primary
is shown in Fig. 4(a). Here, the transformer’s winding ratio is
defined as a = N10/N20 [29]. Key TIS_C waveforms, shown in
Fig. 5, illustrate the effect of the leakage on the operation of a
TI converter.

Fig. 5. Key waveforms of the Tapped inductor switcher in current continuous
mode (CCM). (Vc represents the clamp voltage).

First, the leakage is responsible for the appearance of current
commutation intervals. Second, the leakage discharge current,
ic, flows through the C terminal upon turn-OFF of the K switch
and turn-ON of the KC switch. Third, the volt-sec needed to
develop the leakage current are taken from of the magnetizing
inductance Lm. Accordingly, in CCM, in the presence of leakage,
the switching cycle is comprised of four topological states. The
equivalent circuits of the equivalent subtopologies are illustrated
in Fig. 4.

In the following analysis, it is assumed that TIS_C
1) is comprised of ideal switches and inductors;
2) the switching functions K(d), K(d’), and K(dc) are ideally

synchronized;
3) the leakage current is discontinuous;
4) the voltage sources v0, v1, v2, and vC, connected to TIS_C

terminals, are ideal.

2) Derivation of TIS_C Model in CCM: TIS_C waveforms
in Fig. 5 show that commutation intervals affect the volt-sec
balance of the magnetizing inductance as well as the distribution
of the magnetizing current between TIS_C’s terminals in CCM.

Examining the waveforms in Fig. 5, see also Fig. 4(b) and
(c), reveals that during the turn-ON interval the leakage current
ramps up from zero and by the end of the on interval equals the
peak magnetizing inductor current, ipk. The total amount of volt-
sec required by the leakage during the ON time is Llkipk. The
leakage does not affect the OFF-time volt-sec of the magnetizing
inductance, see Fig. 4(d) and (e). Therefore, accounting for the
“snipped” volt-sec the average voltage across the magnetizing
inductance can be expressed by the following:

vLm = dv10 + ad′v20 − fsLlkipk (1)

where, as usual, d is the ON duty cycle; d’ = 1-d is the OFF duty-
cycle, and fs =

1
Ts

is the switching frequency.
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Examining Figs. 4 and 5, the peak current ripple of the
magnetizing inductance, ΔiLm, can be approximated by the
following:

ΔiLm =
dv10

2fs (Lm + Llk)
. (2)

Therefore, the peak magnetizing inductor current is as fol-
lows:

ipk = iLm +ΔiLm = iLm +
dv10

2fs (Lm + Llk)
. (3)

The considerations above suggest that the volt-sec balance
of the magnetizing inductance can be approximated by the
following:

vLm ≈ dv10 + ad′v20 − fsLlk

[
iLm +

dv10
2fs (Lm + Llk)

]
.

(4)
Whence, the magnetizing current can be derived as follows:

iLm =
1

r + sLm
vLm. (5)

Here, r is the parasitic resistance of the TIS block [29].
Further examination of the terminal currents in Fig. 5 reveals

that due to the turn-ON commutation a triangular segment is
lost to the active switch current, i1. This segment, however,
augments the output current, i2. Similarly, but, to a much greater
extent, the turn-OFF commutation reduces the current i2/a while
increasing the iC current by the same amount. Thus, for the
sake of simplicity, only the turn-OFF commutation effect will be
considered.

During the turn-OFF commutation interval, the current of
the leakage inductance flows through the clamp terminal C,
see Figs. 4(c) and 5. Therefore, the duration of the turn-OFF

commutation interval is as follows:

Δt = Llkipk/ (vC + av20) (6)

and the average current of the clamp terminal is as follows:

iC =
1

2

ipkΔt

Ts
=

1

2
fsLlk

(
iLm + dv10

2fs(Lm+Llk)

)2

vC + av20
. (7)

According to the considerations above, and neglecting the
turn-ON commutation, the terminals’ currents can be approxi-
mated as follows:

i1 ≈ diLm (8)

i2 ≈ ad′iLm − aiC (9)

i0 = i1 + i2 + iC . (10)

Equations (1)–(10) can be considered as the large-signal
model of the TIS_C block. Apparently, only two terms are
needed to incorporate the derived above leakage model into
the ideal TIS model [29]. Yet, due to its nonlinear nature and
a number of variables involved in generating the clamp current,
iC, (7), the leakage model introduces noticeable differences.

The steady-state TIS_C model can be readily derived from
the large-signal model (1)–(10) as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

VLm = V10D + V20aD
′ −

(
ILm + DV10

2fs(Lm+Llk)

)
fsLlk

IC = 1
2fsLlk

(
ILm+

DV10
2fs(Lm+Llk)

)2

VC+aV20

I1 = ILmD

I2 = aD′ILm − aIC .

I0 = I1 + I2 + Ic
(11)

In the sake of simplicity, define the ripple factor of the mag-
netizing inductor current as follows:

k =
ipk
iLm

= 1 +
DV10

2ILmfs (Lm + Llk)
. (12)

Recall that under ideal, ripple-less magnetizing current con-
ditions k →

Lm→∞
1, whereas on the borderline of continuous and

discontinuous modesk →
Lm→Lm crit

2. Hence,1 < k < 2, so that,

on average, k ≈ 1.5 can be assumed.
Substituting (12) into (11), leads to the steady-state TIS_C

SFG model shown in Fig. 6(b). Worthwhile noting that the
leakage inductance creates a local negative feedback path, see
Fig. 6, which restrains the average current of the magnetizing
inductance. This can explain the damping effect of the leakage
reported by [4], [26], see Fig. 2, that with increased leakage
inductance lowers the resonance peak and brings about a gentler
phase transition.

Furthermore, perturbing the large-signal CCM model (1)–
(10) leads to the small-signal TIS_C model in Fig. 6(c), which
results in the following set of equations:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

v̂Lm = v̂10D (1− g0) + v̂20a (1−D)

−îLmfsLlk + (V10 − g0V10 − aV20) d̂

îLm = v̂Lm

r+sLm

î1 = DîLm + ILmd̂

î2 = a (1−D) îLm − aILmd̂− aîc

î0 = î1 + î2 + îc

îC = g1îLm + g2v̂C + g3v̂20 + g4d̂+ g5v̂10

. (13)

Here, the gain functions are as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

g0 = Llk

2(Lm+Llk)

g1 = ∂iC
∂iLm

= fsLlk
kILm

VC+aV20

g2 = − 1
2fsLlk

k2I2
Lm

(VC+aV20)
2

g3 = − 1
2afsLlk

k2I2
Lm

(VC+aV20)
2

g4 = g0V10
kILm

VC+aV20

g5 = g0D
kILm

VC+aV20
.

(14)

3) Derivation of TIS_C Model in DCM: The key waveforms
of TIS_C in DCM are shown in Fig. 7. Since the current,
i2, ramps down to zero at the end of the OFF-interval, there
is no commutation interval between i1 and i2 (in contrast to
CCM scenario, see Fig. 4). The equivalent circuits for the three
operation subintervals are illustrated in Fig. 8.
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Fig. 6. TIS_C’s equivalent SFG models (CCM). (a) Large-signal model. (b)
Steady-state model. (c) Small-signal model.

Fig. 7. Key waveforms of the TIS_C in discontinuous current mode (DCM).
(Vc represents the clamp voltage).

Fig. 8. TIS_C’s equivalent circuits operated in DCM mode. (a) ON-state
(charging of Lm). (b) ON–OFF commutation interval. (c) OFF-state (discharging
of Lm).

First, as shown in Fig. 7, during the ON-state, the current of
terminal 1, i1, equals the magnetizing current, iLm, see Fig. 8(a).
The averaged value of i1 can be derived as follows:

i1 =
1

2
dipk. (15)

Here, ipk is the peak value of the magnetizing current iLm,
which can be attained as follows:

ipk =
dv10

fs (Lm + Llk)
. (16)

Next, as the active switch is turned OFF, the current of the
leakage inductance is steered to flow through the clamp terminal
C, see Fig. 8(b). The duration of this interval was obtained in (6).
The averaged clamp current during DCM model can be attained
by substituting (6) and (16) into (7) as follows:

iC =
1

2

ipkΔt

Ts
=

1

2

fsLlkipk
2

(av20 + vc)
(17)

Examining Figs. 7, 8(b) and (c) reveals that the average current
of the terminal 2 current, i2, is as follows:

i2 =
1

2
adoffipk − aiC . (18)

Whereas the averaged magnetizing current and voltage can
be derived according to Fig. 8 as follows:

iLm =
1

2
ipk (d+ doff) (19)

vLm = dv10
Lm

Lm + Lk
+ adoffv20. (20)

Substituting (19) into (15) and (18) leads to the following:

i1 =
d

d+ doff
iLm (21)

i2 = a
doff

d+ doff
iLm − aiC (22)

Here, doff = 2fsLm
iLm

dv10
− d.
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Fig. 9. TIS_C’s equivalent SFG models for the DCM operational mode. (a)
Large-signal model. (b) Steady-state model. (c) Small-signal model.

Introducing the definition of the weighting functions for cur-
rent steering

{
w = d

d+doff

w′ = doff
d+doff

= 1− w
(23)

and substituting into (15)–(22) the large-signal model of TIS_C
in DCM can be obtained as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

vLm = dv10
Lm

Lm+Lk
+ adoffv20

iLm = vLm/ (r + sLm)

i0 = i1 + i2 + iC
i1 = wiLm

i2 = aw′iLm − aiC

iC = d2v10
2Llk

2(av20+vc)fs(Lm+Llk)
2 = vC

ZC
.

(24)

Here, r is the parasitic resistance of the TIS block, see [29].
The resulting switching-flow-graph (SFG) large-signal model of
TIS in DCM is shown in Fig. 9(a).

The quiescent value of weighting function w in (24) is as
follows:

W =
1

2fsLm

D2V10

ILm
. (25)

Whereas its small-signal perturbation can be found as follows:

ŵ = gdd̂+ gvv̂10 − giîLm. (26)

Here, the gain coefficients are as follows:

gd =
1

fsLm

DV10

ILm

gv =
1

2fsLm

D2

ILm

gi =
1

2fsLm

D2V10

I2Lm

.

The small-signal perturbation of the voltage across the mag-
netizing inductor vLm can also be found

v̂Lm = Gdd̂+GiîLm +G10v̂10 +G20v̂20 (27)

where the gain coefficients are given by the following:

G10 = D
Lm

Lm + Lk
− 2aV20

ILmfsLm

DV10
2

G20 = aD

(
1

W
− 1

)

Gi = 2aV20
fsLm

DV10

Gd = V10
Lm

Lm + Lk
− aV20

(
2ILmfsLm

V10D2
+ 1

)
.

The above discussion leads to the following set of equations
describing the small-signal model of TIS in the DCM operational
mode:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

îLm = v̂Lm/ (r + sLm)

î0 = î1 + î2

î1 = WîLm + ILmŵ

î2 = a (1−W ) îLm − aILmŵ

v̂Lm = Gdd̂+GiîLm +G10v̂10 +G20v̂20

ŵ = gdd̂+ gvv̂10 − giîLm.

(28)

Note that since Llk � (Lm + Llk)
2, the perturbance of iC

is rather small. Moreover, considering the relatively long time
constant of the RCD clamp circuit, the variations in îc and
v̂c can be neglected in some cases. The considerations above
allow constructing the simplified small-signal SFG model of the
TIS_C block for DCM mode of operation as shown in Fig. 9(c).

III. APPLICATION EXAMPLE: THE FLYBACK CONVERTER

A typical Flyback converter with an RCD clamp, shown in
Fig. 10, operated in CCM mode was chosen as a study case. Here,
the source voltage is V10 = Vg, the clamp is comprised of the
diode Dc, clamp capacitor Cc, and clamp discharge resistor RC.
The capacitive output filter is CO, with the associated equivalent
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Fig. 10. Study case: The Flyback converter with RCD clamp.

series resistance Resr. The load resistance is designated as R. The
effective turns ratio is a = N10

N20
= 1

n .
The application of the proposed unified model is rather simple

and unfolds as follows.

The first step of the modeling procedure starts referring to
Fig. 10, by identifying the switcher module terminals (0, 1,
2), see the dashed box.

The second step only requires to correctly assign the voltages v0
= 0, v1 = vg, v2 = –vout, and vout = i2∗ Zout to the TIS_C
terminals in Fig. 6 (CCM models).

The third step, the TIS_C model is completed by introduc-
ing the load impedance and the clamp impedance Zout =

R(sCoResr+1)
sCoR+sCoResr+1 , and the clamp, Zc =

Rc

sCcRc+1 .

The resulting TIS_C models of the CCM Flyback converter
are illustrated in Fig. 11. Noted, only a few (blue) branches have
to be added to the prefabricated unified TIS_C modeling block
in Fig. 6.

The steady-state solution of the Flyback converter in CCM
can be obtained from Fig. 11(a) as follows:

VC =
RcDVg

2D′4R2Rc + a1

[
k (k + 1)D′Rfsn

2Llk

+D′3R2 + a2a3
]

(29)

Vout =
nRDVg{2D′Rca2 − kfsLlk[a3 + (k − 1)D′R]}

2D′4R2Rc + a1
(30)

Ilm =
DVg

[
2n2kfsLlk(n2Rc+R)+2D′2RRcn

2+D
′2R2−RD′a3

]
2D′4R2Rc+a1

(31)

where

a1 = 2k2n2fs
2Llk

2
(
n2Rc +R

)− kfsLlkD
′2R

× [
(k − 2)R− 4n2Rc

]
a2 = kn2fsLlk +D

′2R

a3 =
√

2k2n2fsLlk (Rcn2 +R) +D′2R2.

The small-signal analytic model of the Flyback converter in
CCM can be derived from Fig. 11(b) applying Mason’s rule.

The model of the DCM Flyback can be obtained following the
stated above analysis procedure, however, employing the DCM
TIS_C model in Fig. 9.

Fig. 11. TIS-SFG models of the CCM Flyback converter. (a) Steady-state
model. (b) Small-signal model.

The steady-state solution of the DCM Flyback can be found
by substitution of terminal assignments and load impedance into
Fig. 9(b). The resulting nonideal voltage gain is as follows:

Vout

Vg
=

R

2

√
IC

2

n2Vg
2 +

2D2

Rfs (Lm + Lk)
− IC

nVg
(32)

whence, an ideal voltage gain can be obtained substituting IC =
0, Lk = 0, into (32). The following result corresponds to the
following [13]:

Vout

Vg
= D

√
R

2fsLm
. (33)

IV. SIMULATION RESULTS

To verify the theoretical analysis, a benchmark Flyback con-
verter was simulated in PSIM 9.14.

The parameters of the benchmark converter in PSIM were:
Vg = 100 V, Co = 100 µF, duty cycle D = 0.39, Resr =
0.18 Ω, fs = 65 kHz, The coupled inductor parameters
were: Lm = 715 µH, n = 0.28. The RCD clamp parameters:
CC = 1 µF, RC = 10 kΩ. The normalized leakage inductance
Llk/Lm was varied in the 0%–10% range (Llk/Lm = [0–0.1]).
The benchmark converter operated in CCM mode with a load
R = 10 Ω, while operated in DCM with a load R = 50 Ω.



13054 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 11, NOVEMBER 2022

Fig. 12. TIS_C simulation study. (a) Key waveforms at D = 0.39 and Llk =
0. (b) At D = 0.39 and Llk = 0.05Lm, CCM mode. (c) At D = 0.39 and Llk

= 0.05Lm, DCM mode. Top trace—the gating voltage vgs; second trace—the
voltage across the leakage inductance and the magnetizing inductance; third
trace—the currents of the switched terminals of the TIS_C block; bottom trace—
the magnetizing inductance current and the clamp (leakage discharge) current.

The simulated waveforms in Fig. 12 illustrate the voltage
across the leakage inductance and the magnetizing inductance;
the currents of the switched terminals of the TIS block; the mag-
netizing inductance current and the clamp (leakage discharge)
current and stand in agreement with Fig. 5.

Using the parameters above, the comparison of calculated ver-
sus the simulated clamp voltage Vc, was obtained as illustrated
in Fig. 13. When the magnetizing current ripple is disregarded
(k = 1) the calculation results produce a rather significant error,
20–30%, see the dashed line in Fig. 13. However, accounting
for the magnetizing current ripple (k ≥ 1) reduces the error to

Fig. 13. Comparison of the simulated vs. the calculated clamp voltage Vc, as
derived by the TIS_C model in CCM for an infinite Lm (k = 1) versus a finite

Lm (k ∈ [1, 1.57]) study cases
(
errv =

|VCpsim−VCcalc |
VCpsim

× 100%

)
.

Fig. 14. Comparison of the calculated versus the simulated clamp voltage Vc,
in CCM. (a) Output voltage Vout. (b) (Lm = 715 µH) considering magnetizing
current ripple (k ∈ [1, 1.57]).

less than 2.5%, hence, greatly improving the accuracy of the
calculated steady-state solution.

As shown in Fig. 14, the leakage has a significant impact on
the steady-state solution of the circuit. For example, the clamp
voltage is about 190V for Llk/Lm = 1%, increasing to 310 V for
Llk/Lm = 5%. As shown in Fig. 14, an excellent agreement was
found between the simulated output voltage and the theoretical
prediction (29), (30). Thus, the proposed method can faithfully
predict the steady state performance of the TI circuit.

Substituting the parameters above into the CCM small-signal
model Fig. 11(b), the control-to-output voltage transfer function
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Fig. 15. Comparison of the calculated response by the proposed TIS_C versus
(a) the simulated control-to-output frequency response (34) and (b) Input-to-
output frequency response (35) of the Flyback converter.

was obtained as follows (34) shown at the bottom of the next
page.

The input-to-output voltage transfer function was obtained as
follows (35) shown at the bottom of this page.

The comparison of the calculated CCM small-signal fre-
quency response of the Flyback converter versus the simulated
frequency responses is shown in Fig. 15. The theoretical results
are well matched to the simulation results.

The impact of the snubber circuit on the converter response
was considered next. In order to reduce the clamp voltage ripple,
the time constant of the RCD clamp circuit normally is designed
rather long. In such case the snubber has only a marginal effect
on frequency response. Therefore, a reduced order small-signal

Fig. 16. Comparison of the simulated versus the calculated response obtained
from the reduced-order small signal CCM model of the Flyback converter (36),
(37): (a) control-to-output frequency response; and (b) input-to-output frequency
response.

model can be attained by neglecting the perturbations in the
clamp voltage. Substituting v̂c ≈ 0 into Fig. 11(b), the control
to output voltage transfer function of the reduced order CCM
small-signal model can be obtained as follows:

v̂
out

d̂
=

2.945× 1018 + 3.411× 1013s− 3.401× 108s2

4.213× 1016 + 2.726× 1012s+ 6.522× 108s2

(36)

v̂
out

d̂
=

9.319× 1018 + 2.956× 1016s+ 3.401× 1011s2 − 3.403× 106s3

1.33× 1017 + 4.297× 1014s+ 2.926× 1010s2 + 6.522× 106s3
. (34)

v̂
out

v̂
g

=
2.286× 1016 + 7.266× 1013s+ 1.2728× 107s2 − 497.087s3

1.33× 1017 + 4.297× 1014s+ 2.926× 1010s2 + 6.522× 106s3
. (35)
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Fig. 17. Comparison of the simulated versus the calculated control-to-output
frequency response from the reduced-order small-signal DCM model of the
Flyback converter D = 0.39, Rload = 50 Ω.

while the input-to-output voltage transfer function can be ob-
tained as follows:

v̂
out

v̂
g

=
70225× 1015 + 1.273× 1011s− 49708.72671s2

4.213× 1016 + 2.726× 1012s+ 6.522× 108s2
.

(37)
Evidently, the proposed model of the benchmark Flyback

converter (34) and (35) is of a third order, whereas the reduced
model (36) and (37) is only of the second order and is easier to
handle.

The comparison of the calculated reduced-order CCM small-
signal frequency response of the Flyback converter versus the
simulated frequency response is shown in Fig. 16 and stands
in good agreement with the simulated results (obtained by
PSIM 9.1.4). Therefore, the reduced model may be considered
adequate and can be adopted for design purposes.

The DCM model in (24), (28), and (32) were also veri-
fied. The simulated nominalized error of the nonideal steady
state output voltage gain in (32) is approximately 4%, in con-
trast the error of ideal voltage gain solution in (33) is around
10.5%.

The DCM small-signal model of the studied Flyback can be
obtained by substitution of v10 = vg, v20 = −vout, vout = i2∗
Zout into (28) results in the following:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

îLm = v̂Lm/ (r + sLm)

î2 = (1−W )
n îLm − ILm

n ŵ

v̂Lm = Gdd̂+GiîLm +G10v̂g −G20v̂out

ŵ = gdd̂+ gvv̂g − giîLm

v̂out = î2Zout

Zout =
R(1+sCoResr)
1+sCo(R+Resr)

.

(38)

Substitution of the benchmark circuit parameters into (38)
(in DCM the load value of R = 50 Ωwas used) the
small signal output-to-control transfer in DCM was found as

Fig. 18. Experimental waveforms of the prototype Flyback converter, the
gating signal of the main switch, vgs, the input current, ig, and the output current,
iout (a); the gating signal vgs, and the diode voltage vdo (b); the gating signal
vgs, and the switch voltage vds (c). Horizontal scale 5 µS.

follows:

v̂out

d̂
= −1.387× 10−5s2 − 3.9645× 109s− 1.0227× 105

1.614× 10−5s2 + 5.0364s+ 1396.95
.

(39)
The comparison of the calculated DCM small-signal fre-

quency response of the Flyback converter versus the simulated
frequency response is shown in Fig. 17.

V. EXPERIMENTAL VERIFICATION

To further confirm the proposed approach, a prototype Fly-
back converter was built and tested. The parameters of the proto-
type circuit were: Vg = 100 V; duty cycleD = 0.39; load resis-
tor R = 10 Ω; output capacitor Co = 100 µF; resr = 0.18 Ω,
fs = 64.8 kH. The coupled inductor magnetizing inductance
was: Lm = 715 µH, n = 0.28, and the measured leakage in-
ductance was Llk = 22.5 µH. The ripple coefficient was found
according to (12) as k = 1.51.

The ideal voltage stress over the Main switch Q neglecting
the leakage inductance is (Vg + Vout/n) = 163.9V. The clamp
voltage was designed to 200 V. The RCD clamp was designed
according to [4]. Clamp capacitance CC = 1 µF, and clamp
resistor RC = 10 kΩ were used.

When the prototype Flyback was operated in CCM mode, the
measured output voltage was 16.92 V. The key experimental
waveforms are shown in Fig. 18. Here, the voltage across the
main switch, Vds, is nearly 210 V.

The frequency response of the prototype Flyback converter
was measured by Venable 8805 frequency response analyzer.
The comparison of the calculated versus the experimentally
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Fig. 19. Triple comparison of the experimentally measured small-signal duty-
cycle to output voltage frequency response of the benchmark Flyback converter
in CCM with RCD snubber versus the calculated by the proposed TIS_C model
(34) versus the calculated by ideal (leakage-less) TIS model [29].

Fig. 20. Experimental results of the benchmark Flyback converter in DCM. (a)
Tested key waveforms. (b) Comparison of the experimentally measured small-
signal duty-cycle to output voltage frequency response of t versus the calculated
by the proposed TIS_C model (39).

measured response is shown in Fig. 19 (CCM) and in Fig. 20
(DCM). A good agreement of the results was found. This
supports the validity of the proposed modeling approach. The
converter’s response to the duty cycle step (from 0.345 to 0.42)
is shown in Fig. 21.

The experimental platform is shown in Fig. 22.

VI. CONCLUSION

This article presented unified models for tapped inductor
converters operating in CCM and DCM operational modes,
which considers the leakage effects. The proposed models are

Fig. 21. Comparison of the (a), (c), (e) experimental versus the (b), (d), (f)
calculated step response. (a), (b) output voltage response of the benchmark
Flyback converter to stepped duty cycle (from 0.345 to 0.42 @ Vin = 100 V)
Vertical scale 5 V/div; horizontal scale 0.05 s/div. Exploded view of the: rising
edge transient (c), (d); and the falling edge transient (e), (f). Vertical scale 5
V/div; horizontal scale 1 ms/div.

Fig. 22. View of the experimental set-up.

independent of power stage topology and can be used to predict
the steady-state as well as small-signal behavior of a variety of
converters employing a two-winding tapped inductor.

The proposed TIS_C model can accurately predict the steady-
state and small-signal responses that stand in good agreement
with both simulation and experimental results obtained from a
benchmark converter.

Primarily, the proposed models are aimed to attain analyt-
ical results but, can also be easily applied and coded “as is”
into MATLAB/SIMULINK simulation package to produce fre-
quency response plots of a problem converter.

The proposed TIS_C SIMULINK models, which can help
attain fast modeling of PWM dc–dc converters and facilitate
the controller design, were uploaded and made available to
MATLAB community [31].
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APPENDIX

TABLE II
IDENTIFYING THE TIS_C’S TERMINALS IN BASIC TAPPED INDUCTOR CONVERTERS
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