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Abstract—Grid-tied photovoltaic (PV) installations with dis-
tributed maximum power point tracking (DMPPT) architectures
include a dc–dc module integrated converter (MIC) for managing
each PV panel, isolating it from the others, reducing the mismatch-
ing effect and maximizing the harvested power. In this article,
the autotransformer forward converter with type-Zeta resonant
reset (AFZ) is proposed as a DMPPT architecture’s MIC candi-
date. The main characteristics of the AFZ converter are the high
versatility due to its voltage step-up and step-down capability;
the use of an optimized autotransformer with only two windings,
reducing the complexity and power losses of this component; the
good dynamic performances, like the forward converter ones; the
low number of components and the simplicity and high feasibility
associated to the use of just one active switch. Besides, soft switching
transitions are achieved thanks to the autotransformer type-Zeta
resonant reset. The steady-state theoretical analysis, considering
the effect of the autotransformer leakage inductance, is presented.
The converter is also studied in the frequency domain, obtaining
the small-signal transfer functions. A design procedure based on
the requirements of a 100-kW grid-tied photovoltaic installation
is described, yielding in a 225-W prototype with efficiencies up to
95.6%. Experimental results validate the theoretical analysis.

Index Terms—Autotransformers, dc–dc power conversion,
DMPPT, module integrated converter, photovoltaic power systems,
type-zeta resonant converter.

I. INTRODUCTION

NOWADAYS, the interest in green and renewable energy
sources is increasing. One of the most relevant is the

Photovoltaic (PV) energy. As shown in Fig. 1, the world PV
Cell/Module production presents an exponential growth from
2010 to 2018 [1]. In Fig. 2, the annual PV installations in the
European Union (EU) and candidate countries exhibit a peak
in the years 2010–2012 and sustained value from 2014. This
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Fig. 1. World PV Cell/Module production from 2010 to 2018 [1].

Fig. 2. Annual PV installations in EU and candidate countries [2].

evolution shows that PV is becoming a significant part of the
energy mix in many countries. These facts, in conjunction with
social awareness, make this field worthy and motivate research
in the improvement of current PV conversion technologies and
the development of new ones.

In high power grid-tied PV installations, one of the significant
issues comes from the reduction in the harvesting power due to
differences between the PV panels connected to the same string.
This issue is commonly known as mismatching.

As long as the PV panels are directly connected to the string,
any difference in the electrical characteristic of one of them in-
fluences the others, reducing the power generated by them, even
with full irradiance and optimum environmental conditions.
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Fig. 3. PV grid-tied installation with the DMPPT architecture.

There are many causes that modify the electrical character-
istics of a PV panel, such as dirt, shadows, aging, temperature
differences, etc., [2], [3]. How all these causes affect the PV
panel electrical characteristics is an interesting research topic,
as shown in [4]–[7].

One of the most popular solutions to overcome the mis-
matching issue is based on attaching a dc–dc module integrated
converter (MIC) to each PV panel. This configuration, especially
when step-up and step-down MICs are used, allows generating
the maximum available power regardless of the conditions of
the rest of the PV panels in the installation [28]–[32]. This MIC
also performs the control of the PV panel and operating it on its
maximum power point (MPP).

The architectures that implement this solution are denoted as
distributed maximum power point tracking (DMPPT) architec-
tures, [8]–[14], see Fig. 3. As a drawback, DMPPT architectures
require a high number of MICs, one per PV panel, increasing the
cost of the installation. Therefore, for making the PV installation
flexible and profitable, the MIC requirements are low cost, high
efficiency, and the voltage step-up and step-down capability.

Several authors have focused their research on improving
the efficiency of the MIC. For this purpose, one of the most
interesting approaches focuses on the reduction of the power
losses, not processing all the power delivered by the MIC to
the load. This principle can be found in the literature as partial-
power conversion, series connection, parallel-power-processed,
or direct energy transfer converters [15]–[23]. In all of them,
the efficiency improvement is achieved due to the converter
only manages a part of the energy, whereas the rest of the
output power is directly delivered from the PV panel to the
load. The best efficiency achieved in this type of converters is
up to 98%, as shown in [17]. The main limitation of this type
of topologies is that they are only capable of voltage step-up.
This limitation reduces the flexibility when designing a DMPPT
architecture. Beyond the topologies that do not process the full
power, other authors have also obtained efficiencies around
98% with full power processing topologies, but also with the
limitation of not being capable of both voltage step-down and
step-up [25]–[27].

It has been demonstrated that the highest flexibility regarding
the number of PV panels per string is only achieved with voltage
step-up and step-down converters [28]–[32]. Within the voltage
step-up and step-down topologies, one of the most promising
ones is the classical noninverting buck–boost converter (also
known as the four-switch buck–boost converter) [28], [32] in
which very high efficiencies have been obtained. However, this
topology has some drawbacks such as high current through the

Fig. 4. AFZ converter electrical scheme.

inductor and switches, and the need for four switches and drivers.
Therefore, the complexity and components count increases.

The autotransformer forward converter with type-Zeta res-
onant reset (AFZ) converter, introduced in [33] and deeply
analyzed in this article, overcomes the mismatching issue, with
the voltage step-up and step-down capability advantage. Com-
pared to other solutions from the literature, this converter is
simpler, with only one active switch and driver. On the other
hand, the efficiency of this converter fits with those found in the
literature, although slightly lower than the one described in [28]
and [48]. Another interesting characteristic of the AFZ converter
is the type-Zeta resonant reset that yields in the autotransformer
optimization, the possibility of avoiding additional snubber net-
works, and the obtaining soft-switching characteristics. Besides,
this topology does not present right-half-plane (RHP) zeros in
its main small-signal transfer functions, which allows obtaining
better dynamic performances. The AFZ converter was previ-
ously introduced in [33], but including only the steady-state
analysis of the converter’s ideal model. In this work, a more
accurate steady-state analysis is included, with a more realistic
converter model that considers the effects of the autotransformer
leakage inductance. This consideration reveals an additional
switching interval. Moreover, the frequency domain analysis
is carried out, and the main small-signal transfer functions are
obtained.

The rest of this article is structured as follows. The principle of
operation and the time domain and frequency domain theoretical
analysis are carried out in Section II. Section III details the design
procedure for the AFZ converter, being applied to a 100-kW
grid-tied PV installation, which takes into account the effect of
the mismatching. The experimental results of a 225 W prototype
are also shown in this Section for verifying the theoretical
analysis. Finally, the conclusion of the research in this article
is summarized in Section IV.

II. THEORETICAL ANALYSIS OF THE AFZ CONVERTER

The AFZ converter can be seen as a forward-based converter
but replacing the Forward’s transformer for a two windings
autotransformer, see Fig. 4. In comparison to an equivalent
transformer, the size and power losses of the autotransformer
are considerably lower, due to only a part of the output power
is magnetically processed, as is described in Section II-C. The
connection of the autotransformer allows a percentage of the
delivered power not to be magnetically processed. On the other
hand, in this converter, isolation is lost. This fact is not consid-
ered as a drawback, due to it is not usually required in MIC for
PV applications.
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Fig. 5. Main waveforms of the AFZ converter in CCM.

As it is highlighted in cyan color in Fig. 4, the autotrans-
former reset is carried out employing a type-Zeta resonant reset
network. This network is a key point in the AFZ converter as it
avoids the need to have a third winding in the autotransformer
to reset it. In addition, this network allows its core to be excited
symmetrically between the first and third quadrants of the BH
plane, reducing the autotransformer size. Moreover, it avoids the
use of snubber networks.

Although the AFZ converter operation principle and its main
steady-state waveforms were introduced in [33], in that publi-
cation, the ideal model was considered. This article studies a
more realistic model, considering the leakage inductances of
the autotransformer Lkpri and Lksec, as well as the equivalent
drain-source MOSFET parasitic capacitance Coss. The steady-
state analysis includes not only more accurate waveforms but
also the main expressions that define the voltage and currents
of the AFZ converter components. Regarding the principle of
operation, an additional switching interval related to the leakage
inductances is defined. Besides the aforementioned additional
information, in comparison to [33], the small-signal model of
the AFZ converter is carried out, and the main small-signal
transfer functions are obtained in continuous conduction mode
(CCM), which are needed when designing the converter com-
pensator. Also, more experimental results are included in this
article.

A. Principle of Operation

The switching period is divided into two main intervals,
depending on the MOSFET state, the tON and tOFF intervals. The
tOFF interval is further divided into three subintervals, depending
on the magnetizing inductance (Lm) current and the resonant
capacitor (Cd) voltage state. Finally, the transitions between the
two main intervals are also analyzed. Every interval, subinterval,
and transition interval have a figure associated, highlighting the
paths followed by the current. These paths are depicted with
thick blue lines, and arrows denote the direction of the current.
The rest of the converter components are depicted with thinner
gray lines.

The main voltage and current waveforms of the AFZ converter
are depicted in Fig. 5 for a better understanding of the principle
of operation. Note that the time intervals and the voltage and
current values are not to scale. Considering this, the Voss(t)
voltage waveform is exactly the same as VDS(t). The Vcd(t)
waveform is similar to VDS(t), but with a negative offset, as it
is shown in Section II-B.

1) tON (t0 – t1)
The first of the intervals is denoted as tON and occurs while

the S MOSFET is turned-ON, see Fig. 6. During this time, the
converter delivers the power from the input to the output through
the autotransformer. The use of an autotransformer gives the
current a direct path between the input voltage source and



1886 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

Fig. 6. Current paths in the AFZ converter during the tON interval.

Fig. 7. Current paths in the AFZ converter during the tOFF-T interval.

Fig. 8. Current paths in the AFZ converter during the tOFF1 interval.

the output load, resulting in not-magnetically processed power
transference. For further detail regarding the power processing
in the autotransformer, see Section II-C. Due to the current flow,
the AFZ converter inductances L,Lm,Lkpri, andLksec increase
their energy. This interval ends when the S MOSFET is turned-OFF,
leading to the turn-OFF transition tOFF-T interval.

2) tOFF-T (t1 – t2)
This interval lasts a very short time, during the reset of the

Lkpri and Lksec leakage inductances. The previously stored
energy in the leakage inductances is abruptly delivered to
the Coss and Cd capacitors, see Fig. 7, resulting in a high-
frequency resonance. The energy transferred to the capacitors
increases their voltages, generating a voltage step. The amplitude
and slope of these voltage steps are limited by Cd and Coss

capacitances.
During this interval, the magnetizing inductance Lm is also

delivering its energy to the capacitors mentioned previously,
although it occurs in a much lower frequency, and this effect
can be therefore neglected.

3) tOFF1 (t2 – t3)
Once the Lksec leakage inductance delivers its energy to the

Coss andCd capacitors andLkpri current equals the magnetizing
current, the tOFF1 subinterval begins. During this subinterval, the
magnetizing and theLkpri inductances continue delivering their
energy to the capacitors by a resonant process (see Fig. 5). It is
noteworthy that the energy delivered by the Lkpri inductance is

Fig. 9. Current paths in the AFZ converter during the tOFF2 interval.

Fig. 10. Current paths in the AFZ converter during the tOFF3 interval.

Fig. 11. Current paths in the AFZ converter during the ton−T interval.

almost negligible in comparison to the magnetizing inductance
energy. This interval is considered as the first part of the type-
Zeta resonant reset. Although four components take place in the
resonant reset process, the elements that fundamentally affect
resonance are Lm and Cd due to they are orders of magnitude
higher than Lkpri and Coss.

The S MOSFET and D1 diode reach their maximum voltages
at the end of this subinterval when the magnetizing current
gets zero amperes. During this subinterval, Fig. 8, the output
inductance is also delivering its previously stored energy to the
load through the D2 diode.

4) tOFF2 (t3 – t4)
The second part of the type-Zeta resonant reset takes place

during the tOFF2 subinterval. As can be seen in Fig. 9, the capac-
itors are delivering the stored energy back to the magnetizing
inductance Lm. It is noteworthy that the ILm current direction
changes its polarity. The charge thatCd andCoss capacitors give
back to Lm flows through the Dd2 diode and the output filter.
In Fig. 5 can be seen that the IDd2 current contribution does not
disturb the IL current waveform. The one affected is the ID2

current waveform.
5) tOFF3 (t4 – t5)
Once the type-Zeta resonant reset is finished, the tOFF3 subin-

terval takes place. This subinterval remains from the moment
when the Cd and Coss capacitors deliver all their previously
stored energy back to the magnetizing inductor until the time
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TABLE I
SUMMARY OF THE PRINCIPLE OF OPERATION FOR THE AFZ CONVERTER

when the S MOSFET is turned ON again, leading to the tON-T

transition interval. During this interval, the voltage at the au-
totransformer primary side becomes zero volts, and the current
through the magnetizing inductance remains constant with neg-
ative polarity. As can be seen in Fig. 10, the magnetizing current
flows through the primary and secondary windings. Therefore,
a part of the magnetizing inductance current, defined by 1

1+n ,
flows through the D1 diode. This fact leads to zero-voltage
switching (ZVS) characteristics on this diode when S MOSFET

is switched ON.
The expression (1) defines the maximum duty cycle Dmax,

which corresponds with the minimum tOFF3 duration, as a
function of the reset resonant frequency fres and the switching
frequency fsw

Dmax =
Tsw − 0.5 · Tres

Tsw
=

2 · fres − fsw
2 · fres . (1)

being

fres ∼= 1

2 · π ·√(Lm + Lkpri) · (Cd + Coss)

∼= 1

2 · π · √Lm · Cd

. (2)

For design purposes, the parasitic capacitance Coss and the
leakage inductanceLkpri are neglected due to they are in practice
orders of magnitude lower than the resonant capacitance Cd and
the magnetizing inductance Lm.

6) tON-T (t5 – t6)
When the S MOSFET is turned-ON again, the transition interval

between the tOFF and tON intervals takes place; this transition
is denoted as tON-T . During this transition, the current flows
through the S MOSFET. However, due to the leakage inductances

Lkpri and Lksec do not allow the current to change abruptly, a
part of this current follows the path formed by the Cd capacitor,
the Dd2 diode, and the output filter (see Fig. 11). This current
flow, which charges the Cd capacitor with negative polarity,
remains until the current through the D1 equals the output
inductor current. At the end of the tON-T interval, the current
through the D2 diode becomes zero. It is noteworthy that the
capacitor Cd is charged with negative polarity just before the
next switching cycle begins.

Table I summarizes the main events in each switching interval.

B. Steady-State Operation in Continuous Conduction Mode

In this section, the most relevant voltages and currents ex-
pressions for the main components of the AFZ converter are
detailed, as well as their waveforms. Previously, the AFZ con-
verter output-input voltage transfer function is introduced in
expression (3), obtained by applying the voltage-per-second
balance to the output filter inductor L

Vo

Vi
= (1 + n) ·D. (3)

As can be seen, the output-input voltage transfer function is
like the forward converter one, but including the effect of the
autotransformer connection, see the (1 + n) factor.

The voltage and current waveforms and their expressions are
shown by component. For the sake of simplicity, the voltage drop
through the leakage inductances is neglected. The following
nomenclature rules are considered in the expressions shown as
follows.

a) The mean and constant values are denoted with capital
letters.
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TABLE II
RELATIONSHIP BETWEEN THE EXPRESSION SUFFIXES AND THE

CORRESPONDING TIME INTERVALS

Fig. 12. Output inductor current and voltage waveforms, iL and vL, respec-
tively, during one switching period.

b) The time-dependent variables are denoted with lower case
letters. Also, the time dependence is denoted by “(t)”.
Different suffixes are used when each expression applies
(see Table II).

1) Output filter inductance (L), Fig. 12.

VLON = Vi · (1 + n) · (1−D) (4)

VLOFF = − Vi · (1 + n) ·D (5)

ΔIL =
Vi · (1 + n) · (1−D) ·D

L · fsw (6)

IL = Istring =
Po

Vi · (1 + n) ·D (7)

ILmin
= IL − ΔIL

2
(8)

iLON (t) =
VLON

L
· t+ IL − ΔIL

2
(9)

iLOFF (t) = IL +
ΔIL
2

− VLOFF

L
· (t− t1) . (10)

Fig. 13. Magnetizing inductor current and voltage waveforms iLm and vLm,
respectively, during one switching period.

2) Autotransformer, Fig. 13.
Due to the resonant reset, the current and voltage expressions

are defined through the following variables:

Ceq = Coss + Cd (11)

ω0 = 2 · π · fres (12)

ω0k = 2 · π · fresk (13)

Lk = Lkpri +
Lksec

(1 + n)2
(14)

where fres and fresk defined in (2) and (15), respectively, and
Lk the leakage inductances referred to the primary side

fresk
∼= 1

2 · π ·√Lk · (Cd + Coss)
(15)

ΔILm =
Vi ·D

Lm · fsw (16)

ILmmax
= ILm (t1) = ILmmin

+ΔILm (17)

ILm = ILmmin
+

ΔILm

2
(18)

VLmON = Vi (19)

vLm (t2) = − vCd (t2) (20)

vLmres
(t) = vCdres

(t) (21)

iLmON (t) =
VLmON

Lm
· t− ΔILm

2
(22)

iLmres
(t) = ILmmax

· cos (ω0 · (t− t2)) (23)

ILmOFF3 = ILmmin
. (24)
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Fig. 14. Cd capacitor current and voltage waveforms iCd and vCd, respec-
tively, during one switching period.

3) Cd capacitor, Fig. 14.

iCdres
(t) = iLmres

(t) (25)

ICdmax
= IS (t1) (26)

ICdmin
= ILmin

(27)

vCdOFF−T
(t) ∼= VCdmin

+ IS (t1)

·
√

Lk

Cd
· sin (ω0k · (t− t1)) (28)

vCdres
(t) ∼= VCdOFF−T

(t2) + ILmmax

·
√

Lm

Cd
· sin (ω0 · (t− t2)) (29)

VCdmin
∼= −

(
ILmin

− ILmmin

1 + n

)

·
√

Lk

Cd
· sin (ω0k · (t6 − t5)) (30)

VCdmax
= VCdres

(t3) . (31)

4) MOSFET (S), Fig. 15.

iSON (t) = iLON (t) · (1 + n) + iLmON (t) (32)

IS ∼= IL · (1 + n) ·D + ILm (33)

vDSOFF−T
(t) = Vi + vCdOFF−T

(t) (34)

vDSres
(t) = Vi + vCdres

(t) (35)

VDSOFF3 (t) = Vi. (36)

5) D1 diode, Fig. 16.

iD1ON (t) = iLON (t) (37)

ID1OFF3 = − ILmOFF3

1 + n
(38)

Fig. 15. MOSFET current and voltage waveforms iDS and vDS , respectively,
during one switching period.

Fig. 16. D1 diode current and voltage waveforms iD1 and vD1, respectively,
during one switching period.

ID1
∼= IL ·D + ID1OFF3 ·

(t5 − t4)

T
(39)

vD1OFF−T
(t) = vCdOFF−T

(t) · (1 + n) (40)

vD1res (t) = vCdres
(t) · (1 + n) . (41)

6) D2 diode, Fig. 17.

iD2OFF1 (t) = iLOFF (t) (42)

iD2OFF2 (t) = iLOFF (t)− iDd2 (t) (43)

iD2OFF3 (t) = iLOFF (t)− ID1OFF3 (44)

ID2
∼= IL · (1−D)− IDd2 − ID1OFF3

· (t5 − t4)

T
∼= IL · (1−D) (45)

VD2ON = Vi · (1 + n) . (46)
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Fig. 17. D2 diode current and voltage waveforms iD2 and vD2, respectively,
during one switching period.

Fig. 18. Dd1 and Dd2 diodes currents waveforms iDd1 and iDd2, respec-
tively, during one switching period.

7) Dd1 and Dd2 diodes, Fig. 18.

iDd1 (t) = iCdres
(t) (47)

IDd1max
= ICdmax

(48)

iDd2 (t) = − iCdres
(t) . (49)

C. Analysis of the Power Processing in the Autotransformer

This section includes a detailed analysis of power processing
in the AFZ converter autotransformer. The analysis uses the
simplified scheme shown in Fig. 19. The analysis assumes an
ideal efficiency of 100%, meaning that the input power (Pi) is
the same as the output power (Po): Pi = Po = Pnom.

The power magnetically processed by the autotransformer
is denoted as Pmag, whereas the not-magnetically processed is
denoted as PnoMag. The magnetizing inductance is not included

Fig. 19. Simplified scheme for the autotransformer power processing analysis
in an AFZ converter.

TABLE III
NORMALIZED PnoMag AND Pmag UNDER SEVERAL TURNS RATIO VALUES

in the autotransformer scheme since it does not influence the
energy delivered to the load.

In the AFZ converter, all the energy (ETOT) is transferred
from the source to the load during the tON switching interval,
see

ETOT = VIN · IIN · tON. (50)

The input voltage and current can be easily obtained from
Fig. 19

VIN = V1 (51)

IIN = (1 + n) · I2. (52)

The energy magnetically processed is defined as

Emag = V1 · I1 · tON = V2 · I2 · tON

= VIN · IIN · tON · n

1 + n
= ETOT · n

1 + n
. (53)

The magnetically processed power ratio (
Pmag

Pi
) depends on

the autotransformer turns ratio n as

Pmag = Pi · n

1 + n
. (54)

Therefore, the not-magnetically processed power can be de-
fined as

PnoMag = Pi · 1

1 + n
. (55)

Because a part of the power is not processed magnetically
compared to an equivalent transformer, the size and power
losses of this component can be optimized. Table III shows the
normalized magnetically processed and not processed power,
for several turns ratio values.

As can be seen in Table III, lower turn ratio values entail
lower magnetically processed power ratios Pmag. Therefore, for
the sake of the autotransformer optimization, low n values are
desired. However, as it can be seen in the AFZ converter voltage
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Fig. 20. Absorbed and injected current model applied to the AFZ converter.

transfer function (3), low turn ratio values limit the voltage step-
up. More detail regarding the selection of the optimum turn ratio
of the autotransformer is included in Section III-A2.

D. Frequency Domain Analysis: Small-Signal Model
of the AFZ Converter

1) Theoretical Analysis: Knowing the dynamic perfor-
mances of the converter is essential for the compensator design,
which is implemented in almost every converter. The AFZ
converter small-signal model is obtained through the absorbed
and injected current model, described in detail in [38]. With this
modeling technique, the dynamic performances of the converter
are obtained through their input and output currents, see Fig. 20.

It can be noted that the load includes not only RLoad but also
the output filter capacitor Co. The parallel association of both
Co and RLoad is denoted as Zp (s). Where s = j · 2 · π · f .

In this article, only the output voltage-duty cycle small-signal
transfer function Gvd(s), the audio susceptibility, Gvv(s), and
the output impedance, Zo(s), are calculated. Because they are
all related to the output voltage, they are all calculated from the
injected current.

The expression of the output inductor averaged current, for a
given frequency, is shown in

IL (s) =
(1 + n) · Vi ·D − Vo

ZL (s)
(56)

where ZL(s) = s · L. After the linearization and perturbation
on its operating point, the previous expression leads to

îL (s) =
1

ZL (s)
· [(1 + n) · Vi · d̂− v̂o + (1 + n) ·D · v̂i

]
(57)

where the superscript “�” refers to small-signal variables.
From the expressions (57) and (58), the desired small-signal

transfer functions can be calculated from the block diagram
shown in Fig. 21

îL (s) =
v̂o

Zp (s)
. (58)

From the block diagram, the small-signal disturbed output
inductance current can be expressed as

îL (s) = A (s) · d̂−B (s) · v̂o + C (s) · v̂i. (59)

Comparing the expressions (57) and (58) with the expression
(59), the A(s), B(s), and C(s) specific values for the AFZ con-
verter are obtained (see Table IV).

Fig. 21. Small-signal block diagram.

TABLE IV
EXPRESSIONS OF THE AFZ CONVERTER SMALL-SIGNAL BLOCKS

The desired small-signal transfer functions can be now
defined as

Gvd (s) =
v̂o

d̂
=

A (s) · Zp (s)

1 +B (s) · Zp (s)

= (1 + n) · Vi · ω2
o

s2 + s · 1
RL·Co

+ ω2
o

(60)

Gvv (s) =
v̂o
v̂i

=
C (s) · Zp (s)

1 +B (s) · Zp (s)

= (1 + n) ·D · ω2
o

s2 + s · 1
RL·Co

+ ω2
o

(61)

Zo (s) =
v̂o

îo
=

Zp (s)

1 +B (s) · Zp (s)

=
1

Co
· s

s2 + s · 1
RL·Co

+ ω2
o

(62)

where A(s), B(s), C(s), and Zp(s) expressions are detailed in
Table IV.

2) Simulation Validation: The theoretical small-signal anal-
ysis developed in the previous section is verified comparing the
frequency domain representation of the expressions (60)–(62)
with simulation results, obtained in PSIM.

The values employed for this comparison are summarized in
Table V.

All the values shown in Table V corresponds to the ones se-
lected in the case of the study section, for a nonshaded PV panel
in Scenario 1. The case of study and the converter specifications
are defined in Section III-A.
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TABLE V
PARAMETERS OF THE AFZ CONVERTER FOR A NONSHADED

PV PANEL IN SCENARIO 1

Fig. 22. AFZ converter output voltage-duty cycle small-signal transfer func-
tion, Gvd(s).

Fig. 23. AFZ converter audio susceptibility, Gvv(s).

The graphical representation of expressions (60)–(62) is
shown in Figs. 22– 24, respectively. In these figures, the the-
oretical frequency response is depicted with a continuous blue
line, whereas the ac simulation results obtained with PSIM are
depicted with a dashed orange line.

As can be seen in Figs. 22–24, the theoretical representation
fits the simulation results up to half of the switching frequency,
i.e., 25 kHz in this case. It is noteworthy to mention that,

Fig. 24. AFZ converter output impedance, Zo(s).

for higher frequencies, the simulation results should not be
considered.

By analyzing the graphical representation, it can be concluded
that the dynamic performances of the AFZ converter are like
the forward converter one. It means that there is no presence
of a right-half-plane zero in its small-signal transfer functions.
This fact simplifies the compensator design process and allows
achieving better dynamic performances, such as faster compen-
sator with higher phase and gain margins, and therefore higher
bandwidth in closed loop.

III. EXPERIMENTAL VERIFICATION

In this section is carried out the design, manufacturing, and
implementation of a 225-W AFZ converter prototype. The spe-
cific case of study considered in the prototype’s design process
is detailed in the following section.

A. Converter Design

1) Case of Study/Application Environment: The case of
study employed to set the prototype specifications consists of
a 100-kW grid-tied PV plant with DMPPT architecture (see
Fig. 3). As a central inverter, the FREESUN LVT FS0100
inverter is selected [39]. The optimum input voltage of this
inverter, which corresponds with the string voltage Vstring, is
600 V. The selected PV panel is the SKJ60P6L, from Siliken
[40]. The maximum output power of this PV panel is 225 W.

The installation and the PV panel power are used to determine
the number of PV panels needed. In this case, 450 PV panels are
required to fulfill the PV installation power specification.

There are several configurations with a different number of
PV panels per string and a different number of strings that can
be used. The optimum DMPPT architecture considered is one
that minimizes the converter input to output voltage step-up
while using the minimum number of PV panels that fulfill the
installation power generation requirement. This condition is
assumed since the efficiency of the converter increases when
it is designed for low input to output voltage step-up. The most
relevant configurations are listed in Table VI.
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TABLE VI
POSSIBLE PV PANEL PER STRING AND NUMBER OF STRINGS CONFIGURATIONS

The results are sorted from the lowest to the highest total number of PV panels and input
to output voltage step-up. Vin = 29.3 V.

As it is highlighted with bold numbers in Table VI, the opti-
mum DMPPT architecture configuration consists of 25 strings
with 18 PV panels in series per string, for ideal conditions, and
Vin = 29.3 V.

Two different scenarios are defined for taking into account
the mismatching effect. In one of them, the Scenario 0, no
mismatching effect is included, and therefore all the PV panels
present the same electrical characteristics. In the other scenario,
Scenario 1, 25% of the PV panels are under shadow conditions.
It implies that, for Scenario 1, there are two different voltages
and power characteristics, one for the nonshaded PV panels and
another one for the shaded-PV panels. In [3] is explained how
a shadow varies the electrical characteristics of a PV panel,
depending on how is the shadow level. In this case of study,
it is considered a worst-case scenario, in which the shaded PV
panels MPP voltage is reduced by a half and the output power by
one third, in comparison to the nonshaded PV panels. It should
be noted that, for the design of converters, the PV panel output
voltage and power are the converter input voltage and power.
Two different voltage and power characteristics are, therefore,
defined as inputs for the converter, one for the nonshaded PV
panels (29.3 V and 225 W) and the other one for the shaded ones
(15 V and 67.5 W).

The output voltage range of the converter can be calculated
from the string voltage and the number of PV panels per string. It
is well known that every PV panel connected to the same string,
shares its output current (see Fig. 3) therefore

Istring =
Pstring

Vstring
(63)

where Pstring and Vstring are the power generated in the string
and the voltage of the string, respectively.

In an ideal scenario, where the efficiency of the MIC is 100%,
the power delivered by the PV panel is the same as the power
delivered to the string by every MIC attached to this PV panel
(see Fig. 25) and is defined as

PPV = Vmpp · IPV = Vout · Istring = PMIC. (64)

Therefore, assuming this statement and taking into account
that the inverter controls the string voltage, the output voltage of
each converter can be obtained using the full power generated

Fig. 25. Detail of the connection between the PV panel and the MIC.

TABLE VII
CASE OF STUDY PARAMETERS SUMMARY

TABLE VIII
SPECIFICATIONS FOR THE CONVERTER DESIGN

in the string and the power delivered by each PV panel to the
string as

Vout =
Vmpp · IPV

Istring
=

Vmpp · IPV

Pstring
· Vstring

=
PPV

Pstring
· Vstring. (65)

Expression (65) can be used to determine the output voltage
of the converter as a function of the power delivered to the string.

The parameters obtained from the case of study, for the
converters connected to a nonshaded and shaded PV panel, are
summarized in Table VII.

It can be noted in Table VII that the converters connected to the
nonshaded PV panels have to step-up its output voltage, whereas
the ones connected to the shaded PV panels have to step-down
its output voltage. This requirement can only be fulfilled by a
MIC able to both voltages step-up and step-down.

The specifications for the design of the converter can be
obtained, taking into account the parameters shown in Table VII
(see Table VIII).
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2) Design Procedure: Selection of the AFZ Converter Com-
ponents: Once the converter specifications are obtained (see
Table VIII) the steps shown below must be followed in the AFZ
converter design.

a) Selection of a proper turn ratio value. From the autotrans-
former point of view, the best turn ratio is the minimum
that allows a voltage step-up higher enough to reach the
maximum output voltage for the maximum duty cycle
value [see (3)]. Fulfilling this thumb rule, the magnetically
processed power ratio Pmag

Pout
is minimized, as shown in (54)

as well as the autotransformer size.
b) Selection of Cd. For selecting a proper Cd capacitance,

condition (66) must be fulfilled. This condition is obtained
from the duty cycle limitation as shown in (1) and (2)

Cd ≤ (1−Dmax)
2

(π · fsw)2 · Lm

. (66)

Note that the MOSFET drain-source capacitance Coss is
neglected in comparison to Cd.

From expression (29) is deduced that low Cd capac-
itance values imply high voltages. The voltage VCd is
directly related to the voltage stresses withstood by the
MOSFET and D1 diode. Therefore, the optimum capaci-
tance value is the maximum that fulfills (66), considering
the maximum duty cycle, maximum switching frequency,
and maximum magnetizing inductance, in order to reduce
the MOSFET and D1 diode stresses.

c) Calculation of the most restrictive parameters for the
selection of components, considering that the converter
is limited to the maximum voltage shown in Table VIII.
Equations (4) to (49) are used to determine the electri-
cal stresses withstood by the components. Especial care
should be taken with the S MOSFET and D1 diode maxi-
mum voltages

VDS_max = VDSres
(t3) (67)

VD1_max = VD1res (t3) . (68)

The current and voltage expressions of the AFZ con-
verter components depend on the following variables:
ILmmin

, VCdOFF−T
(t2) and VCdres

(t3). These variables can
be obtained analyzing the energy transfer during the
tOFF-T transition, as well as during the tOFF1 and tOFF2

subintervals. From the energy analysis, a three equations
system is obtained, as shown in (69)–(71). The solu-
tions of this equation system are the aforementioned vari-
ables ILmmin

, VCdOFF−T
(t2) and VCdres

(t3), where t2and
t3 times are defined in Table II.

Note that ILmmax
can be directly obtained as a function

of ILmmin
, as it is described in (17).

d) Application of the case of study parameters, detailed in
Table VII, to the components current and voltage ex-
pressions shown in Section II-B. The solution of the
equations system, under Scenario 1 inputs of the case of
study, plus the minimum voltage value of the resonant
capacitor VCdmin from the expression (30), are summa-
rized in Table IX. The Scenario 1 inputs are D = 0.689,

TABLE IX
SOLUTIONS OF THE EQUATIONS SYSTEM UNDER SCENARIO 1 INPUTS

Vi = 29.3 V, and Istring = 5.569 A

Lkpri ·
{
[ILmax

· (1 + n) + ILmmax
]2 − I2Lmmax

}

+ Lksec · I2Lmmax
= Coss ·

[
(VCdOFF−T

(t2)+Vi)
2−Vi

2
]

+ Cd ·
(
V 2
CdOFF−T

(t2)− V 2
Cdmin

)
(69)

Lm · I2Lmmax

= Coss ·
[
(VCdres

(t3) + Vi)
2 − (VCdOFF−T

(t2) + Vi)
2
]

+ Cd ·
(
V 2
Cdres

(t3)− V 2
CdOFF−T

(t2)
)

(70)

Lm · I2Lmmin
= Coss ·

[
(VCdres

(t3) + Vi)
2 − Vi

2
]

+ Cd · V 2
Cdres

(t3) . (71)

e) Other design criteria should be considered, as the output
voltage maximum ripple or the limit for ensuring the op-
eration in CCM. For the AFZ converter prototype design,
it is considered a maximum output voltage ripple of 2%.
Besides, the output filter inductance has been selected for
ensuring the operation of the converter in MCC, whereas
the output power is higher than a third of the nominal
power.

The main characteristics of the main components selected for
the AFZ converter prototype are summarized in Table X.

The resulting 225-W AFZ converter prototype is shown in
Fig. 26.

B. Time Domain Measurements

1) Waveforms Measurements: This section shows the volt-
age and current waveforms for the most representative compo-
nents of the AFZ converter, i.e., the S MOSFET and the D1 and
D2 diodes. It is important to note that the current is measured
using a current-transformer-based sensor. The relationship be-
tween the sensed voltage vsens and the corresponding current is
i = 2 · vsens. A more detailed description is included in [33].

The test conditions are the same as for the scenarios described
in Table VII. Therefore, for each component, three figures are
measured, varying the input voltage, the output voltage, and the
string current, according to the values defined in Table VII.

Scenario 0 is denoted as S_0, Scenario 1 for PV panels without
shadow as S_1, and Scenario 1 for PV panels with shadow
as sS_1. The current waveforms are depicted in orange color,
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TABLE X
MAIN COMPONENTS OF THE AFZ CONVERTER PROTOTYPE

(∗) Manufactured and distributed by Renco Electronics, Inc., by following our specifications.

Fig. 26. AFZ converter prototype.

whereas the voltage ones are depicted in blue color. All figures
include the tON-T and tOFF-T details.

In Figs. 27– 29 are depicted the MOSFET voltage and current
waveforms. As can be seen, the waveforms correspond to the
theoretical ones (see Fig. 15). Regarding the switching transi-
tions, a soft-switching transition quasi- ZVS can be appreciated
during the ton−T transition, whereas during the tOFF-T transition,
the MOSFET has hard switching, regardless of the measured
conditions. The Zeta-type resonant reset subintervals can be
appreciated looking at the voltage waveform during the tOFF1

and tOFF2 subintervals.
Figs. 30–32 are depicted the D1 diode waveforms. As can be

seen, they match the expected waveforms shown in Fig. 16. This
diode shows soft-switching characteristics in both transitions,
regardless of the operating conditions analyzed, reaching ZVS

Fig. 27. MOSFET waveforms being Vi = 29.3V, Vo = 33.3V, and
Istring = 6.75A. VDS in blue color and IS in orange color.

Fig. 28. MOSFET waveforms being Vi = 29.3V, Vo = 40.4V, and
Istring = 5.569A. VDS in blue color and IS in orange color.

Fig. 29. MOSFET waveforms being Vi = 15V, Vo = 12.12V, and
Istring = 5.569A. VDS in blue color and IS in orange color.
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Fig. 30. D1 waveforms being Vi = 29.3V, Vo = 33.3V, and Istring =
6.75A. VDS in blue color and IS in orange color.

Fig. 31. D1 waveforms being Vi = 29.3V, Vo = 40.4V, and Istring =
5.569A. VDS in blue color and IS in orange color.

Fig. 32. D1 waveforms being Vi = 15V, Vo = 12.12V, and Istring =
5.569A. VDS in blue color and IS in orange color.

Fig. 33. D2 waveforms being Vi = 29.3V, Vo = 33.3V, and Istring =
6.75A. VDS in blue color and IS in orange color.

Fig. 34. D2 waveforms being Vi = 29.3V, Vo = 40.4V, and Istring =
5.569A. VDS in blue color and IS in orange color.

Fig. 35. D2 waveforms being Vi = 15V, Vo = 12.12V, and Istring =
5.569A. VDS in blue color and IS in orange color.
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Fig. 36. Setup scheme for the measurement connecting two AFZ converters
in series.

Fig. 37. Measurement results connecting two AFZ converters in series. Input
and output voltages of a converter connected to a non-shaded PV panel Vi_S_1
and Vo_S_1; input and output voltages of a converter attached to a shaded PV
panel Vi_sS_1 and Vo_sS_1.

during the tON-T and quasi- ZCS during the tOFF-T . This kind of
switching characteristic reduces the switching losses, increasing
the converter efficiency.

The measurements corresponding to the D2 diode are depicted
in Figs. 33–35. Current and voltage waveforms match the ones
defined in the theoretical analysis (see Fig. 17). The effect of
the resonant reset can be appreciated by looking at the current
waveform during the tOFF2 subinterval. It can be noted the slight
variation in the current waveform evolution. It is noteworthy
that, waveforms shown in the theoretical analysis section are
not at scale. In this case, the D2 diode just shown soft-switching
characteristics during the tOFF-T interval, when ZCS is obtained.

By comparing the behavior of the converter under the dif-
ferent scenario conditions, it can be concluded that the higher
voltages in the S MOSFET and D1 diode are obtained for the S_1
scenario when the output voltage of the converter is the highest.
Regarding the current waveforms, due to the scenario S_0 has the
highest string current, it is also reflected in the current waveforms
of the components measured.

With the aim of validating the DMPPT concept, two convert-
ers are placed in cascade, connecting their outputs in series, as
shown in Fig. 36.

Fig. 38. AFZ efficiency measurements. (a) Efficiencies for the converter
attached to a shaded PV panel (sS_1). (b) Efficiencies for the converter attached
to a nonshaded PV panel (S_0, S_1)

Fig. 37 shows the input and output voltages of two AFZ
converters connected in series. The operating conditions are
the same as for Scenario 1, where one converter emulates the
behavior while it is connected to a shaded PV panel (sS_1), and
the other one is connected to the same string, but to a nonshaded
PV panel (S_1). It can be seen the correct operation of the
AFZ converter while it is connected in series with another AFZ
converter.

The measured waveforms correspond with the theoretical
analysis exposed in Section II-B; therefore, those analyses are
verified.

2) Efficiency Measurements: The efficiency is measured us-
ing the wattmeter Yokogawa WT3000. Fig. 38 shows the effi-
ciency plots for the three voltage ratios defined in Section III-A1
(see Table VII). One for Scenario 0 (S_0) and two for Scenario 1
(sS_1 and S_1). Measurements have been carried out in the
laboratory. The input power source of the converter is a dc power
source, whereas an electronic load in current-control mode has
been used as the load of the converter. The input and output
voltage of the converter is kept constant during each power
sweep. This behavior emulates different irradiation levels.

Fig. 38(a) depicts the power sweep carried out to the AFZ
converter, for a fixed input and output voltages of 15 and 12.12 V,



1898 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

TABLE XI
COMPARISON AMONG THE AFZ CONVERTER AND OTHER MODULE INTEGRATED CONVERTERS AVAILABLE IN THE LITERATURE

Not all converters shown in this table are designed for the same input voltage, output voltage and power range.

Fig. 39. Power losses distribution ratios for the AFZ converter under S_0
conditions. The percentage represents the losses ratios for 225 W output power.

respectively, which correspond to the step-down mode voltages,
see the Shaded PV panel voltages in Table VII. The efficiency
of the AFZ converter on the sS_1 operation point is 89.4%.
This value is highlighted with a star. The other points of the
power sweep curve are useful for analyzing the AFZ converter
performance under other output power conditions and the same
input and output voltages. Fig. 38(b) shows the power sweep
corresponding to the converter attached to a nonshaded PV
panel when the AFZ converter operates on its voltage step-up
mode. The input voltage for both scenarios is 29.3 V, and the
output voltages are 33 V for S_0 and 40.4 V for S_1. The AFZ
converter’s efficiencies on the operation point described in the
case of study are 93.9% for the S_0 scenario and 94.8% for the
S_1 scenario. Looking at the efficiency curves in Fig. 38(b), the
maximum measured efficiency is 95.6%. This value is obtained
with the higher voltage step-up, S_1 input and output voltages,
and when the AFZ converter is managing around 120 W. As it can
be seen, the higher the output voltage, the higher the efficiency
of the AFZ converter. This fact reveals that the conduction
losses, which are directly related to the output current, have
more influence than the switching losses in the AFZ converter
efficiency. The fact that the efficiency decreases as the output
power increases reveals that the maximum efficiency point of the
converter is at a lower output power than the maximum output
power specified in both voltage step-up and voltage step-down
operation modes. This type of tendency in the efficiency curve
can be observed in articles such as [41]–[44].

Fig. 39 depicts the power losses distribution ratios for 225 W
output power and the AFZ converter under the S_0 conditions.

The efficiency measurements close the study of the AFZ
converter. Moreover, for a better understanding of the converter
applicability, Table XI includes a comparison between the most

relevant nonisolated voltage step-up and step-down converters
for PV applications and the AFZ converter.

It can be seen that, although the efficiency obtained with the
AFZ converter is higher than efficiencies achieved with other
topologies for this application [31] and [45]–[47], recent works
have reported higher efficiencies with the noninverting buck–
boost converter [15], [28], and with passive ripple canceling
circuit (PRCC) Cúk converter [48].

In comparison to the noninverting buck–boost converter, the
AFZ converter has the advantage of only including one active
switch with only one driver. This fact simplifies the converter
and improves the reliability of the overall system. Besides, the
size of the output filter capacitors in the AFZ converter is smaller
due to its output filter inductor.

Regarding PRCC Cúk converter, AFZ converter has nonin-
verting output voltage and a higher number of magnetic compo-
nents. Although the efficiency is higher than the AFZ converter,
the power range and output current used for the design are more
favorable.

It is worth noting that all the competitors suffer from RHP zero
in their small-signal transfer functions, limiting their dynamic
performance.

IV. CONCLUSION

The analysis, design, and implementation of the AFZ con-
verter are presented in this article. The theoretical analysis
includes the steady-state and the small-signal study in continu-
ous conduction mode.

This article also includes a design procedure used to build
a 225-W AFZ converter prototype for a specific field of appli-
cation, consisting of a 100-kW grid-tied PV installation, with
different mismatching ratios.

The experimental results verify the time domain theoretical
analysis, whereas the frequency domain analysis is validated
through simulation.

Experimental and simulation verification demonstrates the
main characteristics of the AFZ converter that can be summa-
rized as follows.

1) The type-Zeta resonant reset network allows the autotrans-
former core to be excited symmetrically in the first and
third quadrants of the BH plane, avoiding a third winding
in the autotransformer. Therefore, the leakage inductance,
the size, and the power losses are reduced. The resonant
reset helps to avoid the use of additional snubber networks,
reducing the number of components and increasing the
efficiency of the converter.
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2) The autotransformer connection allows that only a part of
the output power to be magnetically processed, as well
as soft-switching features in the main diodes D1 and D2,
reaching ZVS during the D1 turn-ON transition, and ZCS
during the D2 turn-OFF transition.

3) The maximum measured efficiency is 95.6% (120 W
output power and S_1 input and output voltages), which
is in the range of the efficiencies obtained by the main
competitors. The maximum efficiency achieved at 225 W,
under the case of study conditions, is 94.8%. This value
corresponds to a converter attached to a nonshaded PV
panel within a string with shaded PV panels.

4) The voltage step-up and step-down capability of the AFZ
converter gives the designer of a PV installation higher
flexibility when selecting the optimum number of PV
panels per string and the number of strings configuration.

5) A good dynamic performance, with no right-half-zero in
their main small-signal transfer functions.

6) The low number of components, with only one active-
switch and one driver, simplifies the converter, reduces
the cost, and increases the reliability of the converter.

On the other hand, as the main disadvantages, the voltage
stresses in the D1 diode and MOSFET are high, and then devices
with worse performances have to be selected. Also, although it
is not a requirement for the field of application, the output of
the converter is not isolated from the input, due to the use of an
autotransformer.
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