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Abstract—A coupled-inductor dc-dc converter has several
modes of operation in continuous-conduction mode (CCM) and
discontinuous-conduction mode (DCM), and is quite complex. This
paper presents the derivation of the complete small-signal model
of a two-phase interleaved dc—dc boost converter utilizing a single-
core coupled-inductor operating in both CCM and DCM. Several
small-signal models are required to fully model the converter due
to the complexity of the converter operating in DCM. The trans-
fer functions are then derived from these small-signal models. The
theoretical analysis is validated experimentally using frequency

sweeps from a 1-kW prototype.

Index Terms—Coupled-inductors (CLs), de—dc converters, in-
terleaved boost, small signal.

NOMENCLATURE

v; Converter input voltage.
Vo Converter output voltage.
v, Phase inductor voltage.
ULk Leakage inductance back electromotive force (EMF).
vr Magnetizing inductance back EMF.
1Co Output capacitor current.
1o Load current.
o,Bmax ~Maximum load current at boundary.
i1 Inductor current in phase 1.
iL9 Inductor current in phase 2.
i51 Switch current in phase 1.
152 Switch current in phase 2.
iD1 Diode current in phase 1.
ip9 Diode current in phase 2.
i Magnetizing current.
Ay g Magnetizing current change during submode x.
L Phase inductance.
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Lix Leakage inductance.

L, Magnetizing inductance.

C, Output capacitance.

R, Converter load equivalent output resistance.
Re Output capacitor equivalent series resistance.
Ry Coupled-inductor equivalent series resistance.
de Converter duty cycle.

dog Diode current conduction time.

dy Cycle time of submode x.

T Converter switching cycle period.

fs Converter switching frequency.

Ceq Equivalent output capacitance.

CCM Continuous-conduction mode.

DCM Discontinuous-conduction mode.

ESR Equivalent-series resistance.

1L Single phase.

2L Two phase.

CL Coupled inductor.

XL Interphase transformer.

IGBT  Insulated-gate bipolar transistor.

FPGA  Field-programmable gate array.

@ Unified transfer function coefficient.

I6] Unified transfer function coefficient.

¥ Unified transfer function coefficient.

1) Unified transfer function coefficient.

I. INTRODUCTION

WIDE range of applications, including commercial, in-

dustrial, transportation, renewable energies and aeronau-
tics, utilize high power, high-efficiency dc—dc converters. For
example, a fuel cell vehicle is reliant on a high-power boost
converter to efficiently distribute a stable voltage to the trac-
tion inverters [1]-[3]. One of the main design considerations of
dc—dc converters, especially in transport and aeronautics, is the
size and weight of the magnetic components [4]. Single-phase
(1L) boost converters are common in industry due to the rela-
tive ease of implementation. However, high-power, high-current
applications often incorporate multiphase converters, such as a
two-phase (2L) converter, in order to reduce the necessary cur-
rent rating on the semiconductor switches [5]. Another advan-
tage of multiphase converters is the size reduction of the mag-
netic components due to the decreased current flowing through
the windings. This size reduction can be extended further by
incorporating two or more of the phases onto a single induc-
tor core. These types of single-core, multiphase inductors are

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. 1L, 2L, and CL boost converter topologies.

Fig. 2. CCTT IM coupled inductor.

referred to as coupled-inductors (CLs) or integrated-magnetics
(IM) [6]-[9]. A converter featuring the 1L, 2L, and CL options
is presented in Fig. 1 [10]. Suitably designed CLs can bring
significant size reduction in the converter magnetic components
when compared to traditional discrete inductors [11]. The cou-
pled inductor used in the experimental testing in this paper,
the CCTT IM, presented in Fig. 2, shows not only a reduc-
tion in weight, but also greater efficiency, particularly at partial
load [12].

Implementing CLs in multiphase dc—dc converters produces
cross-coupling between the phases. This cross-coupling causes
a decrease in inductor current ripple when operating in CCM.
This allows a higher dc current to pass through the system, while
ensuring the peak of the inductor current ripple does not saturate
the core. When in CCM, the relationship between input voltage,
output voltage, and duty cycle is identical to that of a 2L system,
but operation of a CL converter becomes much more complex in
DCM. Several modes of operation are found to exist, each with
their own converter gain and current waveforms. These modes
are mapped in what is termed the CL boost converter CCM-
DCM mode map, presented in Fig. 3. This mode map is used
to easily determine which duty cycle yields the required output
voltage for a given input voltage and output current, as well as
the mode of operation of the converter. The mode map plots
the converter duty cycle against the load current, normalized
t0 I, Bmax, the maximum output current between the boundary
between CCM and DCM. The derivation of each of these modes,
as well as the mode map, is well documented in [10].

As can been seen from the mode map in Fig. 3, there are up to
ten different modes of operation in the CL boost converter, eight
in DCM and two in CCM. While the large- and small-signal
characteristics of CCM 1 and CCM 2 are identical, the same
cannot be said for the different DCM modes. It is evident from
Fig. 3 that when the converter is operating in DCM 5, a change
in duty cycle does not cause a change in current, allowing this
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Fig. 3. CCM/DCM mode maps of the CL boost converter [13].

mode to be eliminated from analysis. Hence, for each converter
configuration, eight modes of operation remain.

The final item to note on Fig. 3 is that the mode maps are
dependent on the type of semiconductor switch used for Q; and
0 in Fig. 1. For the work carried out in this paper, a MOSFET
with a free-wheeling diode is utilized, allowing for the flow of
current to reverse. This is important due to the fact that current
briefly flows from ground back through the switch and inductor
when operating in DCM 5 and DCM 7. If a reverse blocking
IGBT (RB IGBT) was implemented, the mode map presented
in Fig. 3 would be slightly different, and a separate mode map
would need to be developed [10].

Accurate transfer functions are essential in developing high-
performance controllers for switch-mode power supplies. Sev-
eral papers yield the small-signal models of individual dc—dc
converters, such as the buck [13]-[14], boost [15]-[16], buck—
boost [17], and flyback converters [18]. Many papers present
both the large-signal and small-signal models of multiphase con-
verters using discrete and CLs. For example, a 2L interleaved
buck converter is analyzed for operation in high-intensity dis-
charge lamps using an averaged state-space representation in
[19]. However, the inductors are discrete, and DCM operation
is not included. A 16-phase bidirectional converter for hybrid
vehicle applications, presented in [20], operates in DCM in or-
der to improve current-balancing performance in each phase. In
this reference, while a single-loop, digital proportional-integral
controller is implemented using an FPGA, the model used to
design the controller is not discussed. An interleaved power-
factor-correction boost converter is digitally controlled using
sliding-mode control in [21]. Once again, this paper presents
an averaged state-space representation. However, the converter
is operated in CCM, with discrete inductors. An analysis pre-
sented in [22] provides a DCM state-space model of an inter-
leaved boost converter that includes converter parasitic, but is
once again only concerned with the discrete inductor topology.

As can be seen in Fig. 1, the CL converter analyzed in
this paper is an inversely coupled inductor. A comparison of
2L, CL directly coupled and CL inversely coupled boost con-
verter small-signal models is presented in [23]. The authors of
this paper verify that inversely coupled inductors have a high
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Fig. 4. 2L interleaved boost converter.
bandwidth in the closed-loop system and a high quality factor.
However, once again this analysis focuses on CCM operation.

A great deal of research has been done in the area of accu-
rately developing unified small-signal models of dc—dc convert-
ers operating in both CCM and DCM [24]-[28]. Among these
techniques is the development of a signal-flow graph (SFG)
[29]-[30]. An SFG is a graphical tool in which system variables,
represented as nodes, are connected to each other via functions,
which are represented by branches. SFGs can be used to present
both the large-signal and small-signal models of a system. How-
ever, a system must still be linearized before the small-signal
model is developed.

As can be seen from this discussion, while there are many
models of both discrete inductor and CL CCM multiphase boost
converters, as well as many methods to derive these models, little
to no research has been presented on the small-signal model-
ing of DCM operation when utilizing CLs. This paper focuses
on the development of accurate small-signal models of each
DCM mode of operation of a 2L interleaved CL boost converter.
Section II derives the dynamic equations of the leakage induc-
tance voltage drop and output capacitor current of the CL boost
converter. Section III then uses the results of Section II to find
the small-signal models and transfer functions of the CL boost
converter operating in CCM. This allows for a relatively simple
introduction to a CL boost converter for those who are only
familiar with discrete inductor converters, due to the fact that
when a CL boost converter is operated in CCM, the results of
the small-signal model are near identical to that of a 2L boost
converter. Section IV outlines the equivalent analysis for DCM
operation. Regarding DCM analysis, DCM 1 and DCM 4 are
used as examples for the CL converter. The analysis can then
be extended to all other DCM modes of operation. Section IV
presents experimental frequency sweeps from a 1-kW CL boost
converter laboratory prototype that are used to verify each DCM
mode small-signal model. An earlier version of the work pre-
sented in this paper is discussed in [31], whereas a method of
controlling each of the DCM modes of operation is presented
in [32]. Finally, the appendix includes all formulae needed to
reproduce the analysis presented in Section III to derive the
small-signal models of all DCM modes of operation.

II. DYNAMIC EQUATIONS OF THE 2L INTERLEAVED CL BOOST
CONVERTER

This section details the derivation of the dynamic equations
of the CL boost converter that can be used to determine the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 9, SEPTEMBER 2018

small-signal models of all operating modes of the converter,
be they CCM or DCM. The small-signal models presented are
based on the average model of the converter [33]. In order
to simplify the analysis, it is assumed that both phases of the
converter are balanced, i.e.,

ir1 =1ir2
Lyxi = Ly = Ly
dey = deg = d.
doti1 = dofra = doft (1)

where Liy;, irs, der, and dyg, are the leakage inductance,
phase current, duty cycle (or switch conduction time), and diode
conduction time of phase x, (1 or 2). The CL boost converter is
presented in Fig. 4.

In all modes of the CL converter, there are two distinct sub-
modes: the switch conduction time and the diode conduction
time. The switch conduction time is determined by the duty
cycle d.. During this part of the cycle the switch is closed, and
current flows though the inductor and into the switch. Energy
in the inductor builds up and the current through the inductor
rises to its peak value. When the switch opens, current flows
through the diode and into the output filter and load for a period
of the cycle labeled d, g . During this part of the cycle, the energy
stored in the inductor is released into the load and the current
flowing through the inductor drops to its minimum value. When
operating in CCM, the minimum value of the current is always
greater than zero. However, when operating in DCM, the mini-
mum value of the current always reaches zero and in some cases
becomes negative.

In a CL boost converter, when the switch is closed, the input
and output of the converter are disconnected from each other.
The leakage inductance voltage vy in this state is expressed as

diry

ULk = LLkW =v; —vr — iRy (2

where v; is the converter input voltage, vy is the voltage drop
across the magnetizing inductance, ¢y is the inductor current
of phase 1, and Ry, is the CL per-phase ESR. When the switch
is open and the diode conducts, the input and output are directly
connected to each other, and the inductor voltage vy, in this
state is expressed as

diry

ULk = LLkW =

where v, is the converter output voltage. By averaging (2) with
(3), the dynamic equation of the inductor voltage of the CL
boost converter are found as

—v, —vr — i1 Rg (3)

di
LLk% = dev; + dot (Vi —v,) —vr —ip1 Rp
=U; (dc+doﬂ>_doﬂvu_(dc+doﬁ)UT_(dc+doff)iL1RL-

“)

Similarly, the output capacitor current i, of the converter
during the full cycle is
. Ve . . . . Vo
ico = Co—— =ir1 +ir2 —i51 —ig2 — — 5
Co o gy — 1 tiny—isi—isa— 4 )

0
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Fig. 5. Phase and magnetizing current waveforms of the CL boost converter

operating in CCM.

where C, is the output capacitance, R, is the output load re-
sistance, ig, is the dc switch current flowing through phase x,
and v, is the voltage drop across the capacitance. By apply-
ing Kirchoff’s current law to the output filter of the converter,
and finding the capacitor voltage in terms that are known, the
capacitor voltage can be expressed as

(6)

R . )
Ve = <1 + C) Vo — 2R (i1 —ig1)
R,
where R is the output capacitor ESR. By inserting (6) into (5)
and applying the assumptions given in (1), the dynamic equation

of the output capacitor of the CL boost converter is

dv, . ) dipy  disy Vo
ch% - ZZLl 2251 + QCORC ( dt dt > Ru
(7
where
Rc
a=cu(145), 0

The equations presented in (4) and (7) can be used to describe
the CL boost converter when operating in CCM and in any DCM
mode. Hence, (4) and (7) are used as the starting point for all
further analysis. It should be noted that a third submode exists
during DCM operation. This submode occurs when no current is
flowing in the phase being analyzed, and so, it can be eliminated
from the analysis. If phase 1 is under analysis, this submode is
shown as Dy inFig. 6. If the analysis of phase 2 were to be
undertaken, then it would be shown as Dj in Fig. 6.

III. CCM SMALL-SIGNAL MODEL

The quantities vy and 757 must be found in order to utilize
the equations presented in (4) and (7). These are derived by
analyzing the inductor current waveforms of the operating mode
of the converter. This section analyzes CCM operation of the
CL converter, the waveforms of which are presented in Fig. 5
for a duty cycle less than 0.5.
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Fig. 6. Phase and magnetizing current waveforms of the CL boost converter
operating in DCM 1.

The magnetizing inductance voltage drop vy is dependent on
the magnetizing current circulating through the inductor

Lm dlm

vr = W . (9)

However, as can be seen from Fig. 5, the average change of
the magnetizing current over one full cycle is zero

(dc + doff)UT =0. (10)

The switch current 74 is found as the dc inductor current of
the converter averaged over the duty cycle

(In

tg1 = deiry.

By inserting (10) into (4) and (11) into (7), the dynamic
equations of the CCM CL boost converter are found as

di .
Lip=r = v = v = dev, —ipi Ry (12)
dv, .. dir, dd.\ v,
chﬁ = 2'LL1(]. d(») + 2CORCW (1 dt ) E
(13)

The equations presented in (12) and (13) must now be lin-
earized before the small-signal model is found. In order to lin-
earize the states of the converter, the following linearization
method is applied [34].

When linearizing, if

dx
then
@ _0f(vy) . 0f(ey)
dt X oy 7

where a lowercase letter is used to represent a variable, which
includes a steady-state dc operating point (X and Y) plus a small
ac perturbation (2 and y). Hence, the states of the converter, once
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linearized, transform into
v = Vi + (1)
v, = Vo + 0, (1)
ir1 = I +iri(t)
d. = D¢ + d(t).

For example, linearizing the inductor voltage equation pre-
sented in (12) yields

0[5 ] gi, )

dig1(t)

) |:1“Ldlt(t):| dt = Lux dt (14)
di - -
83 [LLk “dlt(t)} Bi(t) = i (2) (15)
0 dirq(t)] -
- {LLk “dlt( )] W) = —(1—De)i(t)  (16)
) dip: ()] ~ -
o {LLk L ] G() = Vo (®) (17
0 dipg ()]~ B
9L {LLk 7t ] (t) = Ry, (18)

Hence, the small-signal model of the inductor voltage is found
to be
dip(t)

= =Wt — (L= Do) () + Vode(t) — Rpir:.

19)
By linearizing (13) in the same manner the small-signal model
of the output capacitor current is found as

Ly

dv, (t . N

eq dt( ) = 2(1 — Dc)’LLl(t) — 2IL1d/C(t)
dig: (t) dd.(t)  T,(t)
+2C,Re (1= Do) =2~ = 2C,Relpn—— — 5=

20)

With the equations linearized, they are next transformed into
the Laplace domain, i.e.,

sLiyiry (s) = 0i(s) — (1 — D)o, (s) + Vode(s) — Riiri (s)
Q1)

$CeqTo(s) = 2(1 — D¢ )ig1(s) — 2111 do(s)

a0(5)

R,
(22)

+25C,Re(1— D¢ )ig1 () —25Cy Re Ip 1 de(s) —

In order to simplify the expressions, (21) and (22) can
be rewritten into what are termed the unified small-signal
models, i.e.,

sLiip1(t) = 01 (s) + BiTous (5) + Yide(s) + 61ip1(s)
(23)

5CeqVo(8) = i (8) + B2 (8) + 72 :i(s) + 811 (s) (24)
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where the «, /3, 7, and § coefficients are what are termed the
unified model coefficients, which for CCM are

a; =1
p1=—(1-Dc)
1 ="V
5 =—Ry
as =0

1
ﬂzZ—Rfo

Yo = —2IL1(1 + COR()S)

& = 2(1+ C,Res)(1 — De). (25)

Equations (23) and (24) are now coupled with the coefficients
provided in (25) and the small-signal model of the CL converter
operating in CCM is now complete.

IV. DCM SMALL-SIGNAL MODELS

This section details the derivation of the small-signal models
of the CL boost converters operating in DCM 1. When the CL
converter enters DCM with a duty cycle less than 0.5, the first
mode it enters is DCM 1, the waveforms of which are shown in
Fig. 6. Once again, the current waveforms of the given mode of
operation are used to determine the expressions for v and ig;
given in (4) and (7).

There are six submodes of operation of the converter when
operating in DCM 1, labeled d; to dg in Fig. 6 [10]. If balanced
operation is assumed, only one phase needs to be analyzed.
This analysis focuses on phase 1. As can be seen from Fig. 6,
no current flows through phase 1 of the converter during the
segment dg, and so the segment dg can be eliminated from the
analysis. If dg is eliminated, then the total change in magnetizing
current, and in turn, the magnetizing inductance voltage, is no
longer zero. Hence, to simplify the expression for vy, it is broken
down into its component parts, i.e.,

(do + dog Jor = 26)

where x denotes the submode of operation. By analyzing Fig. 6,
it is clear that

AZ.ml = _Aim4

Aipy = Nips =0 27)

where Ai,,, is the change in the magnetizing current during
submode x. Hence, vr can be simplified to
Aimiﬁ

(dc + doff)vT - Lm T .

The change in magnetizing current during the cycle time d3
is given by the expression

(28)

(Uz' — ’Uo)dgT

Nips =
fm3 LLk+Lm

(29)
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From Fig. 6, the cycle time d3 can be expressed as

ds =1—d. —dog. (30)

Therefore, the magnetizing element of the inductor voltage
equation is expressed as
(v —v)(1 —d. —
Lyx + Ly,
The switch current of DCM 1 occurs during the submode d;,

which is also the cycle time of the peak-to-peak ripple current
Aip(p—p)- Hence

doﬁ")

(dc + doff)vT = Lm (31)

AiL(rﬁ)‘lc
—

By following the method given in [10], the peak-to-peak in-
ductor current ripple is given by

iSl = (32)

. (2v; — v,)d. T v, d.T
Aifpp_p) = . 33
ZL(p ?) 2LLk 2(LLk + 2L7n) ( )
Hence, the switch current of DCM 1 is given by
. (2v; —v,) U ) d.>T
151 = + . 34
51 ( LLk (LLk + 2Lm) 2 ( )

By substituting (31) into (4) and (34) into (7), the dynamic
equations are

i
ULk = LLkﬂ = v;(de + dog)

dt
(v; —v,)(1 — de — dog)

LLk + Lm

L 2
c. dv, 9,9 (((2112 U0)+ Uy ) d, T)

qﬁ LLk (LLk +2Lm) 2

dig d (2v; — v,) v,
) bkt 2
* QRC(dt (ﬁ<< Tir (Lir+2Lm)

d.2T Vo
2 R,

Finally, Table A.1 in the appendix of this paper supplies si-
multaneous equations that can be used to solve for both d. and
dg . However, since the duty cycle is considered a state, only the
expression for d,g should be inserted into (35) and (36). Once
an expression for the diode conduction time is inserted into
the above equations, the resulting expressions are linearized
and the unified small-signal models of the CL boost converter
operating in DCM 1 are again found as

— Vo doff

- Lm

—(d. + dog)ir1 R (35)

(36)

~

SLLk’ZTLl (t) = 041@'(8) + ﬁ] 50(5) + 7 dc(s) + (51,221 (S)
(37)

5CeqVo(8) = i (8) + B2, (8) + 72;1«(5) + 52&1(5)-
(33)

Due to the length of the unified coefficients, it is not pos-
sible to express them in this paper. In fact, the derivation of
the coefficients for all DCM modes of operation is extremely
difficult if not found via the use of computational software,
such as MATLAB. However, by following the method shown in
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Sections II, III, and IV, and inserting the expressions for vp
and ¢g; of the desired DCM mode into (4) and (7), accurate
small-signal models for all modes of operation of the CL boost
converter can easily be found. Table A.2 in the appendix presents
all expressions for vy and 7g; for all DCM modes of the CL
boost converter.

The analysis presented in this section is accurate for balanced
operation, i.e., the winding currents and the leakage inductances
are equal in both phases. The CL used for experimental testing,
the CCTT IM, is designed to be strongly coupled, allowing this
assumption to be made. However, in all physical systems, im-
balances do occur. These imbalances are addressed by controller
design, which is discussed for this circuit in [32].

V. UNIFIED TRANSFER FUNCTION MODELS OF THE 2L
INTERLEAVED BOOST CONVERTER

This section focuses on the derivation of the unified transfer
function models of the CL boost converter from the unified
small-signal models. Transfer functions are representations of
the gain and phase of the linearized system in the frequency
domain.

A. Input Voltage-to-Output Voltage Small-Signal Model

The first transfer function to be derived is G, (s), the input
voltage-to-output voltage transfer function. Initially, inductor
current in (37) is isolated

. Q1Bi(s) + A (s) + ndes)

ir1(s) = 39
1(s) (5Lir —o1) (39)
This expression is then substituted into (38)
2 Ti(5) + BaT, () + e (s)
5CagT(s) = 6, MO T AT(8) Edels) g

(sLix —01)

By gathering all the terms of the dynamic coefficients to-
gether, it is found that

Uo(s) =

(sLrxas — 01 o +0201 )0 (8)+ (sLikya — 172 +02m1 )CNZ(' (s)
$2 L1k Coq — s(Likfo + Ceqdr) + (6182 — 6251)

(41)

By letting d.(s) = 0, the input voltage-to-output voltage
transfer function is found as

(sLixog — 01ag + 020ry)

B $2L1xCeq — s(Lrkfa + Ceqd1) + (0102 — 0231)
(42)

B. Duty Cycle-to-Out Voltage Small-Signal Model

The next transfer function, the duty cycle-to-output voltage
transfer function G, 4(s), is found by letting ; (s) equal to zero
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in (41). Hence

Vo ()

Gvd (3) = =
de(s)

B (sLrxy2 — 6172 + 02m1)
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b M CCTT Coupled
it | i Inductor

Cree Sic
Schottky
Diode

2Lk Coq — $(LixBo + Ceqdr) + (6182 — 6231)
(43)

C. Duty Cycle-to-Inductor Current Small-Signal Model

The next transfer function to be derived is the duty cycle-
to-inductor current transfer function G,4(s). First, the output
voltage in (38) is isolated

Ui (8) + ’YQEC(S) + daip1(5)
(Sch - 52) .

This expression for the output voltage is then inserted
into (37)

U (s) = (a4)

sLiiir (s) = audi(s) + ’y1c~icc(8) + 6111 (5)

s (s) + 723(;(;(8) + daip1(5)
(Soeq - ﬂz) '

By gathering all the terms of the dynamic coefficients to-
gether, it is found that

i (s) = (sCeqor — ooy + Bran)vi(s)
! 52 L1k Coq — 8(Lri 2 + Coqd1) + (6182 — 6251)

(sCeqm —Bom +ﬂ1’)/2):lc(5)
SQLLkCeq—S(LLkﬂZ +Ceq51) + (51&2 - 62&1) .
(46)

+ 6 (45)

+

Finally, v;(,) is let equal zero and the duty cycle-to-inductor
current transfer function is found to be
Gia(s) = Zflﬁ
de(s)
_ (8Ceqm1 — Bon1 + Biv2)
§2L1xCoq — 8(Lix B2 + Ceqb1) + (6182 — 621)
(47)

D. Inductor Current-to-Output Voltage Small-Signal Model

The final transfer function to be derived is G; (), the induc-
tor current-to-output voltage transfer function. In order to find
G, (s), the duty cycle in (38) is isolated

d(s) = 5CoqUo(8) — aﬁz‘(s)%— B2l (5) = briri (s)

(48)

This expression for the duty cycle is then inserted into (37)
and the dynamic coefficients gathered

B (5) = (sy2Lrx+d271 — 0172)ir1(s)+(ey1 — a1v2)vi(s)
’ 571Ceq + P12 — B '

(49)

Infineon
CoolMOS
MOSFET

Fig. 7.

Prototype CL boost converter.

Output is a dc value of
voltage (Vo) with an ac
perturbation (V,(7))

Input is a dc value of
duty cycle (D,) with an
ac perturbation ((;’C)

ii(® | Filter

Vo + Vo(t
stage 0+ Vo(t)
Vo(t)
Phase/gain
comparator G"d(s)

dc(t) Output of comparator is
duty cycle-to-output
voltage transfer
function G,(s)

Power

D¢ +d,(1) stage

Fig. 8. Block diagram of experimental frequency sweep from duty cycle to
output voltage.

Finally, the inductor current-to-output voltage transfer func-
tion G,;(s), 0;(s) is set to zero in (49). Hence

Gui(s) = =2t
111 (S)
_ (sv2Lrk + a1 — 0172)
(571 Ceq + B2 — Bonn)
The transfer functions represented in (42), (43), (47), and (50)
can be applied to the 1L, 2L, or CL boost or buck converter.

(50)

VI. 1-KW LABORATORY PROTOTYPE FREQUENCY SWEEPS

This section presents experimental frequencies from a 2L in-
terleaved CL boost converter. These frequency sweeps are used
to verify the small-signal models and transfer functions derived
in the previous sections. The sweeps are performed on the 1-kW
CL boost converter laboratory prototype, shown in Fig. 7. The
input of the sweeps is the converter duty cycle, whereas the
output is the output voltage. A dc value of duty cycle contain-
ing a small ac sine wave with amplitude of 6% of the dc value
to act as the small-signal perturbation is injected into the sys-
tem. The output voltage is then measured, and the resulting sine
wave magnitude and phase is compared to that of the input duty
cycle perturbation. This system is presented in Fig. 8. The exper-
imental frequency sweeps begin at 0.01 Hz and are only accurate
up to 1 kHz due to resolution error. The circuit parameters are as
follows: leakage inductance Ly = 350 pH, magnetizing induc-
tance L,, = 1 mH, output capacitance C, = 900 uF, CL ESR
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Fig. 9. Theoretical and experimental frequency response of the CL converter
operating in CCM.

Fig. 10. Experimental waveforms of CCM. The Ql voltage (green) is
100 V/div, whereas the phase 1 current (blue) and phase 2 current (purple)
are 1 A/div each [10].
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Fig. 11.  Theoretical and experimental frequency response of the CL converter
operating in DCM 1.

Ry = 1, output capacitor ESR R~ = 170 mS2, and switching
frequency f; = 16kHz. The value of R; was found using a
digital multimeter, whereas Ro was measured using a PEAK
Atlas ESR+ meter [34].

The first frequency sweep is run during CCM operation, the
results of which are presented in Fig. 9. As can be seen from
Fig. 9, the experimental frequency sweep matches closely to
that of the predicted sweep. The inductor current waveform is
CCM is presented in Fig. 10. Fig. 11 to Fig. 20 present a com-
parison between the experimental and theoretical frequency re-
sponses of the converter operating in DCM 1, DCM 2, DCM 3,
DCM 8, and DCM 9, along with the experimental waveforms
of each of the modes [10]. Due to the low current and relatively

Fig. 12.
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Experimental waveforms of DCM 1. The QI voltage (green) is
100 V/div, whereas the phase 1 current (blue) and phase 2 current (purple)
are 1 A/div each [10].

60 20
40 \ 0
g 20 20 8
: :
B o 40 T
g 2
520 /‘ "0 2
40 ‘T s -80
-60 -100
0.01 0.1 1 10 100 1000

Frequency (Hz)
Theoretical Magnitude & Experimental Magnitude

Theoretical Phase B Experimental Phase

Fig. 13.  Theoretical and experimental frequency response of the CL converter
operating in DCM 2.

§i7

Fig. 14. Experimental waveforms of DCM 2. The QI voltage (green) is
100 V/div, whereas the phase 1 current (blue) and phase 2 current (purple)
are 1 A/div each [10].
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Fig. 15. Theoretical and experimental frequency response of the CL converter
operating in DCM 3.
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Fig. 16.

Experimental waveforms of DCM 3. The QI voltage (green) is
100 V/div, whereas the phase 1 current (blue) and phase 2 current (purple)
are 600 mA/div each [10].
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Fig. 17. Theoretical and experimental frequency response of the CL converter
operating in DCM 8.

Fig. 18. Experimental waveforms of DCM 8. The Q1 voltage (green) is
100 V/div, whereas the phase 1 current (purple) and phase 2 current (blue)
are 1 A/div each [10].

60 20

IS
(=}
o

20

A
f=]
Phase (degrees)

Magnitude (dB)
f=]

-20 -60

-40 -80

-60 -100
0.01 0.1 1 10 100 1000

. . Frequency (Hz) i i
Theoretical Magnitude ¢ Experimental Magnitude

Theoretical Phase B Experimental Phase

Fig. 19. Theoretical and experimental frequency response of the CL converter
operating in DCM 9.
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Fig. 20. Experimental waveform of DCM 9. The Q1 voltage (green) is
200 V/div, whereas the phase 1 current (blue) and phase 2 current (purple)
are 500 mA/div and 1 A/div, respectively [10].

TABLE I
CIRCUIT PARAMETERS FOR THE VARIOUS FREQUENCY SWEEP FOR EACH MODE
OF OPERATION
Mode D¢ \%; Vo R, Iy
CCM 0.5 50V 101V 90 Q 1.13 A
DCM1 0.23 70V 103V 225Q 0.34 A
DCM2 0.11 200V 300V 10209 0.22A
DCM3 039 150V 285V 507 Q 0.53 A
DCM8 0.62 100V 285V 330 Q2 0.53 A
DCM9 0.55 30V 114V 20509 0.1 A
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- "\
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2 ! \\ =
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80 ----\\ 170
-120 =270

0.01 0.1 1 10 100 1000 10000 100000
Frequency (Hz

Gain with inductor ESR ~ ====- Gain Without ESRs
Phase with inductor ESR = === Phase without ESRs

Fig. 21. Theoretical frequency responses of the CL converter operating in
CCM with and without inductor ESR.

small operating regions, experimental frequency responses for
DCM 4 and DCM 7 are unattainable with this prototype. Table I

presents the circuit parameters with which each frequency
sweep was performed on.

The inclusion of the inductor and capacitor ESRs play a major
role in the frequency response when operating in CCM. The
calculated frequency response of the converter when the two
ESRs are excluded is compared to the calculated response when
the ESRs are included, the results of which are presented in
Fig. 21 for the inclusion of the inductor ESR only, and Fig. 22
for the inclusion of the capacitor ESR only.

As can be seen in Figs. 21 and 22, a significant resonance
occurs at 200 Hz. This resonance is due to the elimination of
the CL ESR. The phase response of Fig. 21 further shows the
effect of the inductor ESR on the resonance. Fig. 22 presents
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Theoretical frequency response of DCM 1 with and without inductor

the effects of eliminating the capacitor ESR, which inserts a
left-half plane pole that keeps the phase from going below the
—180° axis. This effect from the capacitor ESR is visible in
all frequency responses of the CL converter. However, when to
the converter operates in DCM, the inductor ESR does not have
such a significant effect on the response. As can be seen from
the resulting frequency response, the predicted responses match
quite closely with the measured responses. The effect of the
capacitor ESR at higher frequencies is also evident, as it causes
arise in the phase in each frequency response. A theoretical plot
comparing the frequency sweeps of DCM 1 operating with, and
without, capacitor ESR is presented in Fig. 23, whereas Fig. 24
presents the frequency sweeps with and without the inductor
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Fig. 25. Theoretical and simulated frequency response of DCM 1.

ESR. These plots are developed by using the transfer function
presented in (43).

As can be seen from Fig. 23, the output capacitor ESR plays
a major role in the gain and phase at higher frequencies. If
a controller is to be designed at such high frequencies, then
the capacitor ESR must be included in the small-signal model.
However, as can be seen from Fig. 24, the inductor ESR has
very little on the frequency sweep. This is in contrast to CCM
operation, where the inductor ESR significantly dampens the
resonance of the converter. These sweeps not only validate the
dynamic equations utilized to find the small-signal models, but
also the method.

Finally, the theoretical frequency sweep DCM 1 is compared
to a simulated frequency sweep performed in MATLAB Sim-
PowerSystems in order to validate the models at higher frequen-
cies. This comparison is presented in Fig. 25.

As can be seen, the theoretical plots match closely to the
simulated plots. However, note must be taken as to the upper
frequency limit of the small-signal model. Due to the fact that a
boost converter is heavily reliant on the switching frequency, the
rapid change of duty cycle any higher than half the switching
frequency may lead to inconsistencies between the theoretical
sweeps and the physical converter sweeps. This is also evident
in Fig. 25, in which a simulated converter with a switching
frequency of 16 kHz begins to deviate at frequency close to half
the switching frequency i.e., 8 kHz.

VII. CONCLUSION

The dynamic operation of a CL boost converter operating in
DCM is the novel subject of this investigation. Implementing a
CL into an interleaved boost converter introduces several DCM
modes of operation, which have not been analyzed in the small-
signal domain. This paper derives the small-signal model and
transfer functions of a CL boost converter. Initially, the dynamic
equations required to begin deriving the small-signal models are
developed. Example derivations of the small-signal models of
CCM and one DCM mode are presented. These derivations can
then be extended to all other modes of operation. The unified
transfer functions are then derived. Finally, the small-signal
models and transfer functions are then validated by experimental
frequency sweeps of a 1-kW laboratory prototype.
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APPENDIX

See Tables A.1 and A.2.

TABLE A.1.

SIMULTANEOUS EQUATIONS REQUIRED FOR SOLVING d. AND d,g FOR EACH DCM MODE OF OPERATION

Mode Find
DCM 1 de (de + dogg )vi — dorvo —vr =0

do ip1 - T <(’Uo*l/,)(172doff)+2[l(5:i*’”0)(dc2+dcdoff) _ LL:%”L,,L _ (MC+1)<L£’L1Ui)£jf+d°wl)) =0
DCM 2 de (de + doit Jvi = doivo —vr =0

dog i1+ % woch(r:'i:rdégijdoff) + vodc (d3 *dofr)—(mufSL*O)dLojl:‘i(vo *’Ui)(d‘%*%i’%ﬁf Where d3 = %
DCM 3 de (de + dogg Jvi — dorvo —vr =0

i ¢ S b W) (1t 3 20) QT g
DCM 4 de (de + dogt Jvi — dorvo —vr =0

dogt it = ﬂzdzfid%m
DCM 7 de (de + dogt )vi — dofivo —vr =0

don i+ % (21}i(dn 7doff)f4v,(flaZLfljil?uZHvo(doff “2doit?) LL”k”i%rL[m - il 75;;?(:%0,:{27(10“)) =0
DCM 8 de (de + dogt )vi — dorvo —vr =0

" - % (2vi(dc 7d0ﬁ_)741,1((lchij?HZHvO(don —2d,p?) LLﬂkDi%rer 20 (de 7£l£iiio::-2,doﬁ-)) =0
DCM 9 de (de + dogt )vi — dofrvo —vr =0

. - % (2v1(dr*doff’*“ﬂuZLdElifz)H“(d°“72d°“2) _ LLDSE%[L[7,7 _2u; (dcfgii:iﬁfz,dofﬁ-)) =0

TABLE A.2.

MAGNETIZING INDUCTANCE VOLTAGE AND SWITCH CURRENT OF EACH DCM MODE OF OPERATION

Mode
1—de—dgygp) (v —vo)
DCMI vp = Lm ( c off i o
Ly+Ln
. _d.AT Vg _ Yo —2v;
tS1 = T (W—ZM s
_ —vode
DCM 2 vp = Ly 25—
i _ dQZT Vo _ Vo —2v;
51 4 Lyx+2Lm Ly
o vi (0.5—dosf)+(vo—vi)(0.5-dc)
DCM 3 vp = Ly, yy
1 vi(2dgp—1)* vo (4de? —ddgpp? +4dopp—1) (0o —2v;)(4de % —4dggp? +4dp—1)
% +
51 = 7% Lyx+Lm 2(Lpx+2Lm ) 2Ly
DCM 4 vp =0
2
. _ vide*T
ts1 Lyx+Lm
v;(1—dq—d
DCM 7 vp = Ly, iiteton)
P Vo (dopr —dogr?) + 20 (de—de® +dopr® —dose)  20i (de —dopr—2de® +doe?)+vo (dopr —dogr2)
51 4 Lyx+2Lm Lyx+Lm Lk
_ vi(1—de—dor)
DCM 8 vp = Ly, T
joq = L vo (dopr—dorp®) + 20 (de—de®+dopr® —dorr)  20i (de —dopr—2de®+dorr?)+vo (dopr —dogr?)
ST =T Lix+2Lm Tix+Llm Tix
DCM 9 vp = Ly, Lill=de —dagr)

Lyx+Lm

Fy— 20; (de —de®+dopr® —dorr)  20i (de—dopp+dopr®—2de®)—vo (dorr® —dogr) _ vo(dorr® —doir)
51 Lyx+Lm Ly Lyx+2Lm

==




BARRY et al.: SMALL-SIGNAL MODEL OF THE TWO-PHASE INTERLEAVED COUPLED-INDUCTOR BOOST CONVERTER

[1]

[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

REFERENCES

L. Palma and P. N. Enjeti, “Modular fuel cell, modular DC-DC con-
verter concept for high performance and enhanced reliability,” I[EEE Trans.
Power Electron., vol. 24, no. 6, pp. 1437-1443, Jun. 2009.

K. Jin, X. Ruan, M. Yang, and M. Xu, “Hybrid fuel cell power system,”
IEEE Trans. Ind. Electron., vol. 56, no. 4, pp. 1212-1222, Apr. 2009.

S. Chandrasekaran and L. U. Gokdere, “Integrated magnetics for inter-
leaved dc-dc boost converter for fuel cell powered vehicles,” in IEEE
Power Electron. Spec. Conf., Jun. 2004, vol. 1, pp. 356-361.

B. J. Masserant, E. W. Beans, and T. A. Stuart, “A study of volume ver-
sus frequency for soft switching IGBT converters,” IEEE Trans. Aerosp.
Electron. Syst., vol. 31, no. 1, pp. 280-287, Jan. 1995.

D. Y. Jung, Y. H. Ji, S. H. Park, Y. C. Jung, and C. Y. Won, “Interleaved
soft-switching boost converter for photovoltaic power-generation system,”
IEEE Trans. Power Electron., vol. 26, no. 4, pp. 1137-1145, Apr. 2011.
S. Chandrasekaran and L. U. Gokdere, “Integrated magnetics for inter-
leaved dc-dc boost converter for fuel cell powered vehicles,” in 35th Annu.
IEEE Power Electron. Spec. Conf., Jun. 2004, pp. 356-361.

Y. P. Siwakoti and F. Blaabjerg, “Single switch nonisolated ultra-step-
up DC-DC converter with an integrated coupled inductor for high
boost applications,” IEEE Trans. Power Electron., vol. 32, no. 11,
pp. 8544-8558, Nov. 2017.

G. Calderon-Lopez and A. J. Forsyth, “Sampled-data analysis of the dual-
interleaved boost converter with interphase transformer,” IEEE Trans.
Power Electron., vol. 27, no. 3, pp. 1338-1346, Aug. 2011.

G. Calderon-Lopez and A. J. Forsyth, “High-power dual-interleaved ZVS
boost converter with interphase transformer for electric vehicles,” in Proc.
24th Annu. Appl. Power Electron. Conf. Expo., Feb. 2009, pp. 1078-1083.
B. C. Barry, J. G. Hayes, and M. S. Rylko, “CCM and DCM operation
of the interleaved two-phase boost converter with discrete and coupled
inductors,” IEEE Trans. Power Electron., vol. 30, no. 12, pp. 6551-6567,
Dec. 2015.

K. J. Hartnett, J. G. Hayes, M. Rytko, B. C. Barry, and J. W. Maston,
“Comparison of 8-kW CCTT IM and discrete inductor interleaved boost
converter for renewable energy applications,” IEEE Trans. Ind. Appl.,
vol. 51, no. 3, pp. 2455-2469, May 2015.

K. J. Hartnett, J. G. Hayes, M. G. Egan, and M. S. Rylko, “CCTT-core
split-winding integrated magnetic for high-power DC-DC converters,”
IEEE Trans. Power Electron., vol. 28, no. 11, pp. 4970-4974, Nov. 2013.
N. Kondrath and M. K. Kazimierczuk, “Control-to-output transfer func-
tion of peak current mode controlled pulse-width modulated dc—dc buck
converter in continuous conduction mode,” IET Power Electron., vol. 5,
no. 5, pp. 582-590, May 2012.

J. D. Dasika, B. Bahrani, M. Saeedifard, A. Karimi, and A. Rufer, “Mul-
tivariable control of single-inductor dual-output buck converters,” IEEE
Trans. Power Electron., vol. 29, no. 4, pp. 2061-2070, Jun. 2013.

A. Reatti and M. K. Kazimierczuk, “Small-signal model of PWM con-
verters for discontinuous conduction mode and its application for boost
converter,” IEEE Trans. Circuits Syst. I, Fundam. Theory Appl., vol. 50,
no. 1, pp. 65-73, Jan. 2003.

B. Bryant and M. K. Kazimierczuk, “Voltage loop of boost PWM DC-DC
converters with peak current-mode control,” IEEE Trans. Circuits Syst. I,
Reg. Papers, vol. 53, no. 1, pp. 99-105, Jan. 2006.

Q. Wang, L. Shi, and C. Chang, “Small-signal transfer functions for a
single-switch buck-boost converter in continuous conduction mode,” in
Proc. 9th Int. Conf. Solid-State Integr.-Circuit Technol., Beijing, China,
2008, pp. 2016-2019.

M. C. Lee, J. B. Lio, D. Y. Chen, Y. T. Chen, and Y. P. Wu, “Small-signal
modeling of multiple-output flyback converters in continuous conduction
mode with weighted feedback,” IEEE Trans. Ind. Electron., vol. 45, no. 2,
pp- 236-248, Apr. 1998.

A. C. Schittler, D. Pappis, A. Campos, M. A. Dalla Costa, and J. M.
Alonso, “Interleaved buck converter applied to high-power HID lamps
supply: Design, modeling and control,” IEEE Trans. Ind. Appl., vol. 49,
no. 4, pp. 1844-1853, Jul.—Aug. 2013.

L. Ni, D. J. Patterson, and J. L. Hudgins, “High power current sensorless
bidirectional 16-phase interleaved DC-DC converter for hybrid vehicle
application,” IEEE Trans. Power Electron., vol. 27, no. 3, pp. 1141-1151,
Mar. 2012.

A. Marcos-Pastor, E. Vidal-Idiarte, A. Cid-Pastor, and L. Martinez-
Salamero, “Interleaved digital power factor correction based on the
sliding-mode approach,” IEEE Trans. Power Electron., vol. 31, no. 6,
pp. 46414653, Jun. 2016.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

8063

M. Veerachary, T. Senjyu, and K. Uezato, “Modeling and analysis of
interleaved dual boost converter,” in Proc. IEEE Int. Symp. Ind. Electron.,
Pusan, South Korea, 2001, vol. 2, pp. 718-722.

H. B. Shin, E. S. Jang, J. G. Park, H. W. Lee, and T. A. Lipo, “Small-
signal analysis of multiphase interleaved boost converter with coupled
inductors,” IEE Proc.—Elect. Power Appl., vol. 152, no. 5, pp. 1161-
1170, Sep. 9, 2005.

Y. S. Lee, “A systematic and unified approach to modeling switches in
switch-mode power supplies,” IEEE Trans. Ind. Electron., vol. 1E-32,
no. 4, pp. 445-448, Nov. 1985.

V. Vorperian, “Simplified analysis of PWM converters using the PWM
switch, Part I: Continuous conduction mode,” IEEE Trans. Aerosp. Elec-
tron. Syst., vol. 26, no. 3, pp. 497-505, May 1990.

V. Vorperian, “Simplified analysis of PWM converters using the PWM
switch, Part II: Discontinuous conduction mode,” IEEE Trans. Aerosp.
Electron. Syst., vol. 26, no. 3, pp. 497-505, May 1990.

A. Pietkiewicz and D. Tollik, “Unified topological modeling method of
switching dc—dc converters in duty-ratio programmed mode,” IEEE Trans.
Power Electron., vol. PE-2, no. 3, pp. 218-226, Jul. 1987.

T.F. Wuand Y. K. Chen, “Modeling PWM DC/DC converters out of basic
converter units,” IEEE Trans. Power Electron., vol. 13, no. 5, pp. 870-881,
Sep. 1998.

M. Veerachary, “Signal flow graph modelling of multi-state boost DC-DC
converters,” [EE Proc.—Electr. Power Appl., vol. 151, no. 5, pp. 583-589,
Sep. 9, 2004.

M. Veerachary, “Modeling of power electronic systems using signal flow
graphs,” in Proc. 32nd Annu. Conf. IEEE Ind. Electron., Paris, France,
2006, pp. 5307-5312.

B. C. Barry et al., “Small-signal model and control of the interleaved
two-phase coupled-inductor boost converter,” in /EEE Energy Convers.
Congr. Expo., Milwaukee, WI, USA, 2016, pp. 1-6.

B. C. Barry et al., “Digital type I compensation with forced-output control
of an interleaved two-phase coupled-inductor boost converter,” in Proc.
IEEE Energy Convers. Congr. Expo., Cincinnati, OH, USA, 2016, pp. 1-6.
R. W. Erickson, Fundamentals of Power Electronics. Norwell, MA, USA:
Kluwer, 1997.

N. Mohan, T. M. Underland, and W. P. Robbins, Power Electronics, Con-
verters, Applications, and Designs. Hoboken, NJ, USA: Wiley, 1995.
[Online]. Available: http://www.peakelec.co.uk/acatalog/jz_esr70.html.
Accessed on: August 26, 2017.

Brendan C. Barry received the Bachelor of Engi-
neering degree in electrical engineering from Cork
Institute of Technology, Ireland, in 2010, and the from
University College Cork, Ireland, in 2012, respec-
tively, and the Ph.D. degree in electrical engineering
from University College Cork, in 2016, focused on
the field of power converters, and the use and op-
timization of integrated magnetics in switch mode
power supplies for automotive and photovoltaic ap-
plications. He received the Ph.D. degree in electrical
engineering in 2016 from University College Cork,

focused on the field of power converters, and the use and optimization of inte-
grated magnetics in switch mode power supplies for automotive and photovoltaic
applications.

Dr. Barry is currently working as a postdoctoral researcher in the area of
ultrasonic applications and power electronics integration. His research interests
include the practical applications of power converters, power electronics, mag-
netics, circuit analysis and control.



8064

John G. Hayes received the B.E. degree from Univer-
sity College Cork (UCC), Cork, Ireland, in 1986, the
M.S.E.E. degree from the University of Minnesota,
Minneapolis, MN, USA, in 1989, the M.B.A. de-
gree from California Lutheran University, Thousand
Oaks, CA, USA, in 1993, and the Ph.D. degree from
University College Cork, Cork, Ireland, in 1998, all
in electrical engineering.
{ A From 1986 to 1988, he held a research fellow
\ & / ship for power electronics under Prof. Ned Mohan at
the University of Minnesota. From 1988 to 1990, he
worked at Power One Inc. (now ABB Solar), of Camarillo, CA, USA, designing
linear and switching ac-dc power converters. In 1990, he joined General Motors
Advanced Technology Vehicle (formerly Hughes Aircraft Company and Delco
Electronics), in Culver City, and later Torrance, CA, USA, where he worked ex-
tensively as a design engineer and technical manager in the fields of propulsion
drives and battery charging for electric vehicles, especially for heavy-duty ve-
hicles and the General Motors EV 1 electric car. From 1995 to 1997, he pursued
the Ph.D. part-time as a Howard Hughes Corporate Fellow while continuing
to work as a Design Engineer at GM. Subsequently, he worked as a Technical
Manager on EV battery chargers and infrastructure. He joined the academic staff
at UCC as a Lecturer in late 2000, and currently teaches energy systems, power
engineering and power electronics and drives. He is the lead author of Electric
Powertrain: Energy Systems, Power Electronics and Drives for Electric, Hybrid
and Fuelcell Vehicles, the university undergraduate textbook and industry refer-
ence from John Wiley & Sons. His research interests include power electronics,
machines, and magnetics for automotive and energy applications.

Marek S. Rylko received the B.E. degree from the
University of Bielsko-Biala, Poland, in 2003, the
M.Eng.Sc. degree from the Silesian University of
Technology, Gliwice, Poland, in 2004, and the Ph.D.
degree from University College Cork (UCC), Cork,
Ireland, in 2011, all in electrical engineering.

From 2005 to 2010, he worked on his Ph.D. at
the Power Electronics Research Laboratory, where
he was involved in various industrial activities. Fol-
lowing this, he joined the Research Staff of Dtw sp.
Z 0.0., Zabierzow, Poland, and he is currently head-
ing Dtw’s R&D Department. His research interests include dc-dc and dc-ac
converter topologies, power electronics, with emphasis on analysis, optimiza-
tion,and integration of the magnetic components in power electronic converters
for automotive and energy applications.

Robert Stala received the M.S., Ph.D., and Habil-
itation degrees in electrical engineering from the
AGH University of Science and Technology, Krakow,
Poland, in 1998, 2003, and 2011, respectively.

He is currently an Associate Professor in the De-
partment of Power Electronics and Energy Control
Systems, Faculty of Electrical Engineering, Auto-
matics, Computer Science and Biomedical Engineer-
ing, AGH University of Science and Technology, and
a Vice Dean in the Faculty of Electrical Engineer-
ing, Automatics, Computer Science and Biomedical
Engineering. His research interests include power electronic converters, de-dc,
dc-ac, multilevel, and resonant converters, FPGA control and cosimulation,
photovoltaic systems, electronic ballasts, and LED lighting.

Dr. Stala is currently an Associate Member of the Section of Power Elec-
tronics and Electrical Drives in the Committee on Electrical Engineering, Polish
Academy of Sciences, Warsaw, Poland.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 9, SEPTEMBER 2018

Adam Penczek received the M.Sc. Eng. and Ph.D.
degrees in electrical engineering from the AGH Uni-
versity of Science and Technology, Krakow, Poland,
in 1998 and 2003, respectively.

He is a member of academic staff in the Depart-
ment of Power Electronics and Energy Control Sys-
tems, AGH UST since 2001. In 2008, he joined the
Research Staff of DTW sp. z 0.0., Zabierzow, Poland
694 (currently SMA-Magnetics). His main research
interests include, power electronics, dc-dc convert-
ers, DSP and FPGA-based control systems.

Andrzej Mondzik received the M.Sc.Eng. and Ph.D.
degrees in electrical engineering from the AGH Uni-
versity of Science and Technology, Krakow, Poland,
in 1997 and 2005, respectively.

He is a member of academic staff in the De-
partment of Power Electronics and Energy Control
Systems, AGH University of Science and Technol-
ogy, since 1999. In 2008, he joined the Research
Staff of DTW sp. z 0.0., Zabierzow, Poland (cur-
rently SMA-Magnetics). His research interests in-
clude power electronic converters, active filtering and
reactive power compensation.

Robert T. Ryan received the Bachelors of Engineer-
ing degree in electrical engineering from University
College Cork, Cork, Ireland, in 2015, where he is
currently working toward the Ph.D. degree in the
Power Electronics Research Laboratory in the field of
ac—dc power converters for power factor correction
applications.

His main research focus is using of digital con-
trol to improve the performance and control of ac-dc
converters, while maintaining low costs. His other
research interests include the use of wide-band gap
semiconductors, design of high frequency magnetic components, de—dc isolated
resonant converters and EV on-board charging.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


