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Abstract—This paper proposes a novel single-switch dc/dc con-
verter for the future renewable electric energy delivery and man-
agement system to implement the distributed renewable energy
resources (DRER). The DRER is responsible for the maximum
power point tracking of the photovoltaic panel (PV) module and
also for the control of central energy storage device. Due to the
characteristics of the PV module and the dc-bus, the single power
stage must provide low current ripple in the input and output ter-
minals, must operate with output current and voltage regulation,
and present a high-voltage conversion ratio. To achieve such fea-
tures, this paper proposes a novel integrated Boost–Zeta converter.
To avoid a complex modeling and control, we propose a disaggre-
gation concept for this. Experimental results are presented for the
purpose of operating the converter and also for the operation of
the system.

Index Terms—DC/DC converter, DC microgrid, high step-up,
microgrid.

I. INTRODUCTION

THE interest in distributed and renewable energy resources
has continuously increased over the last few years. The

distribution grid delivery and management system have become
a concern in an interesting research area [1]–[5]. The extensive
employment of renewable energy depends on an advanced smart
grid infrastructure where the users have the ability to manage
their energy consumption as well as use plug-and-generate and
plug-and-store energy devices at home and in industrial appli-
cations [6]–[8].

Proposed by Huang [9], the future renewable electric energy
delivery and management (FREEDM) is an intelligent electric
power grid integrating highly distributed and scalable alternative
generating sources and storage with existing power systems to
facilitate a renewable energy-based society [10]–[12].

The FREEDM system consists of two different devices: the
distributed renewable energy resource (DRER), dedicated to
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harvest the maximum power point (MPP) from the renew-
able energy resource; and the distributed energy storage device
(DESD), dedicated to control the charging/discharging process
of the central energy storage devices (CESD) [13]–[16]. Each of
them operates separately. Nevertheless, differently than the MPP
approach, the use of distributed storage devices would not be
efficient as the dc/dc interface of the DESD losses would reduce
the system efficiency. Hence, an alternative approach consists
of making use of an external CESD (battery stack) connected
directly to the dc-bus of the photovoltaic panel (PV) module
integrated system. It means that the dc/dc converters in the pro-
posed system present both functions, i.e., they harvest the maxi-
mum power from the renewable energy resource and control the
charging/discharging process of a DESD, as shown in Fig. 1(b).
It can be seen that the proposed system makes use of a single bat-
tery stack that is connected to the dc-bus as a CESD. The battery
stack charging is shared by all PV module integrated systems
that are connected to the dc-bus [see Fig. 1(b)]. Meanwhile,
all DRER converters operate in the same way. According to the
battery pack current and voltage values, the DRER converter op-
erates in three modes: maximum power point tracking (MPPT)
mode, constant-current (CC) mode, and constant-voltage (CV)
mode.

The most common battery charging methods presented in the
literature are the method of CC, the method of CV [17], and the
combination of both—the CC/CV method [18]. As the name
suggests, this method consists of two stages of charge which
are named CC stage and CV stage. During the CC stage, a CC
level is imposed to the battery. This controlled current is applied
to the battery until its voltage reaches the float voltage level
(Vflut). Since the current value applied during the CC stage only
controls the charging rate, this value can vary within a range
which is limited between zero and by the maximum charge
current allowed by the battery without damaging its parts. This
way, in the PV battery charger proposed, the MPPT current
defines the current level during the CC stage. Hence, as long as
the charging current level is lower than the maximum charging
current, the MPPT algorithm controls the converter.

The main objective of this paper is to propose a new converter
that fits the characteristics of the proposed modified FREEDM
system [see Fig. 1(b)], with the aim to explain the steady-state
operation and the dynamic operation, to present control, to
illustrate design, and to demonstrate experimental results of
the proposed converter. The paper is outlined as follows. The
DRER converter is explained in Section II. The principle of
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Fig. 1. Diagram of the systems: (a) FREEDM system; (b) proposed modified FREEDM system; and (c) power flow.

Fig. 2. Proposed integrated Boost–Zeta converter.

operation and the steady-state analysis of the proposed converter
are illustrated in Sections III and IV, respectively. Then, a com-
parative analysis and the modeling and control are showed in
Sections V and VI. Experimental results on a laboratory
prototype of 250 W are demonstrated in Section VII. Finally,
the conclusion is in Section VIII.

II. DRER DC/DC CONVERTER

It should be noticed that due to their high series equivalent
resistance standard single-switch single-ended converters (for
instance boost and buck–boost topologies) cannot be used to
implement the DRER converter since it demands very high duty
cycles [19]–[21] to handle the voltage difference between a sin-
gle PV module and the 240 V of the dc-bus. This high conversion
ratio is achieved with a novel nonisolated high step-up dc–dc
converter proposed in this paper. This dc–dc converter is based
on the integration of the Boost and the Zeta converters.

The DRER converter (see Fig. 2) is comprised of a single-
switch dc/dc converter with an input, middle section, and
output section, where the input section consists of PV source,

the switch, and primary of the coupled-inductor composed of
Lm , N1 , and N2 . The middle section is given by secondary of
the coupled inductor and the capacitor Cz . Finally, the output
section can be split into two parts. The output section of the
Boost converter is comprised of a diode Db and the capacitor
Cob , and the output section of the Zeta converter is given by
diode Dz , inductor Lo , and the capacitor Coz , where their
connection is in stacked (Vob + Voz). Note that in the output
section is the inductor Lo , therefore the output current has
low ripple and the possibility of controlling this current. The
converter is named Boost–Zeta integrated converter.

III. INTEGRATED BOOST–ZETA CONVERTER

Fig. 3 shows a circuit diagram of the proposed integrated
Boost–Zeta converter. S is the power MOSFET and Db and Dz

are the diodes of the Boost and Zeta cells converters, respec-
tively. Lm and N1 are the primary coupled inductor, where Lm

is the magnetizing inductance. N2 is the secondary of the cou-
pled inductor. Cz is the buffer capacitor of the Zeta converter.
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Fig. 3. Stage of operation Boost–Zeta. CCM: (a) Stage 1. (b) Stage 2.
(c) Stage 3. DCM: (a) Stage 1. (b) Stage 2. (c) Stage 3. (d) Stage 4. (e) Stage 5.

Cob and Coz are the output capacitors of Boost and Zeta cells
converters, where the output voltage of the Boost cell (Vob) and
the Zeta cell (Voz) are in stacked connection thus their summed
outputs voltage (Vo = Vob + Voz). As it can be seen the cen-
tral energy storage is connected to the output of the proposed
integrated Boost–Zeta converter, and the other possible DRERs
are represented by a current source.

For one switching period, the operation of the converter in
continuous-conduction mode (CCM) can be divided into three
stages and in discontinuous-conduction mode (DCM) in five
stages. The equivalent circuit for each stage in CCM is shown
in Fig. 3(a)–(c) and its key waveforms are depicted in Fig. 4(a).
For the DCM, the corresponding circuit for each stage is shown
in Fig. 3(a)–(e) and its key waveforms are depicted in Fig. 4(b).
For the description of circuit operation (and for the subsequent
dc-gain derivation in the next section), the following assump-
tions are made:

1) the converter operates in steady state;

Fig. 4. Key waveforms of the proposed integrated Boost–Zeta converter.
(a) CCM. (b) DCM.

2) the input and output voltages are constant;
3) the relation between the primary and secondary of the

coupled inductor is given by N = N2
N1

;
4) the capacitors Cob , Coz , and Cz are large enough to as-

sume that voltages Vob , Voz , Vo , and VC z are constant;
5) all semiconductor devices are ideal, i.e., lossless.
The operation processes are specified as follows.
Stage 1 [t0–t1 , Fig. 3(a)]: This stage begins when S is turned

ON. The diodes Dz and Db are reverse biased with a voltage
equal to −(NVi + Voz) and −Vob , respectively. Both inductors
Lm and Lo are magnetizing with voltage Vi and NVi , respec-
tively. Thus, the currents iLm and iLo increase linearly, as defined
by (1) and (2), respectively. Consequently, the current through
the switch S is given by the sum of the inductors current, as de-
fined by (3). During this stage, capacitors Cz and Cob discharge
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and capacitor Coz charges up

iLm =
Vi

Lm
t + ILm (0) (1)

iLo =
NVi

Lo
t + ILo(0) (2)

is = iLm + NiLo . (3)

This stage lasts until the switch is turned OFF at t1

DTs = t1 − 0. (4)

Stage 2 [t1–t2 , Fig. 3(b)]: At time t = t1 , the switch S is
turned OFF and the diode Db starts to conduct. At this stage, all
characteristics related to inductors, capacitors, and diodes Dz

remain equal to the previous stage. The currents iLm and iLo
are defined by (5) and (6), respectively. The current through the
diode Db is equal to the primary current of the coupled inductor,
given by (7). The current through the switch S is zero

iLm =
Vi − Vob

Lm
t + ILm (t2 ) (5)

iLo = −Voz

Lo
t + ILo(t2 ) (6)

iDb = iLm + iN 1 . (7)

This stage lasts until the diode Dz starts to conduct

Δ1Ts =

(
iN 1(t2 ) − ILm (t1 ) − ILo(t2 )

)
LoLm

(Vi − Vob) (N 2Lm + Lo)
. (8)

Stage 3 [t2−t3 , Fig. 3(c)]: This stage starts when the diode
Dz starts to conduct. At this stage, the voltage across inductors
Lm and Lo are equal to (Vi − Vob) and −Voz , respectively. The
energy stored in Lm is transferred to capacitor Cz and to the filter
capacitor Cob . Similarly, the energy stored in Lo is transferred to
the filter capacitor Coz . At this stage, all characteristics related
to inductors, capacitors, and diodes Db remain equal to the
previous stage. Only the current in the diode Dz is changed, as
shown by

iDz = iLo + iN 2 . (9)

In CCM operation, the diode turns off at Ts , when switch S
is turned ON, starting a new switching period.

In DCM operation, the diode Db turns off at time t3

Δ2Ts = (1 − (Δ1 + D))Ts (10)

Δ2Ts =

(
iDz + ILo(t2 )

)
Lo

2Voz
. (11)

Stage 4 [t3−t4 , Fig. 3(d)]: This stage begins when the diode
Db turns OFF. At this stage, the currents iDb is zero, given by

iDb = 0. (12)

This stage lasts until the diode Dz is turned off

Δ3Ts =

(
iN 1(t3 ) − ILm (t3 ) − ILo(t3 )

)
LoLm

(Vi − Vob) (N 2Lm + Lo)
. (13)

Stage 5 [t4−Ts , Fig. 3(e)]: At t = t4 , all semiconductors
are turned OFF, i.e., switch S and diodes Db and Dz , are turned

OFF. At this stage, the currents iDb and iDz are zero (14). The
currents iLo and iLm are equal in modulus, and have opposite
direction, as defined in (15). Depending on the ratio Lm /Lo and
Ii/Io , two cases can occur:

1) First case: ILm(0)>0 and ILo(0)<0;
2) Second case: ILm(0)<0 and ILo(0)>0;

iDb = iDz = 0 (14)

iLo = −iLm . (15)

This stage lasts until the switch is turned on

Δ4Ts = (1 − (Δ4 + Δ3 + Δ2 + D))Ts. (16)

IV. STEADY-STATE ANALYSIS

This section presents the steady-state analysis of the proposed
integrated Boost–Zeta converter for CCM, DCM, and boundary-
conduction mode (BCM).

A. CCM Operation

By applying the voltage–second balance principle on Lm

and Lo, the voltage across the capacitor Cob and Coz can be
represented by

∫ Ts

0
vLm +

∫ Ts

0
vLo = 0. (17)

So, the static voltage gain in CCM can be found

MCCM =
Vo

Vi
=

ND + 1
1 − D

− fsLk

(1 − D) Vi
(18)

which is the sum of the static gain of the boost cell (19) and the
isolated Zeta cell (20) and leakage inductance of the coupled
inductor may affect (21):

Vob

Vi
=

1
1 − D

(19)

Voz

Vi
=

ND

1 − D
(20)

VLK =
fsLk

(1 − D) Vi
(21)

where fs is the switching frequency and Lk is the leakage in-
ductance of the coupled inductor.

Fig. 5(a) depicted the voltage gain for the proposed converter
versus the duty ratio under various leakage inductance (Lk )
coefficients of the coupled inductor. It is seen that the voltage
gain is not very sensitive to the leakage inductance coefficient.
It is necessary to increase the value of leakage inductance coef-
ficients, so it is possible to see their effect on the voltage gain.
In other hand, when Lk is equal to 0, the ideal voltage gain is
written as

MCCM =
Vo

Vi
=

ND + 1
1 − D

. (22)

In order to simplify the following analysis, the leakage of the
coupled inductor is considered zero (Lk = 0 H).
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Fig. 5. Static voltage gain versus duty ratio: (a) of the proposed converter with
different value for the leakage inductance (Lk ) of the coupled inductor. with (N
= 6); (b) of the proposed converter with different turns ratio (N) of the coupled
inductor; and (c) of the proposed converter with Boost converter and isolated
Zeta converter with N = 6.

The schematic of the voltage gain for the proposed converter
versus the duty ratio under various turns ratio coefficients cou-
pled inductor is shown in Fig. 5(b). It is seen that the voltage
gain is very sensitive to the turn’s ratio coefficient. Fig. 5(c)
shows the voltage gain versus the duty ratio of the proposed
converter as compared to the standard boost converters and the
isolated Zeta converter, with N = 6. It is possible to observe that
the voltage gain of the proposed converter is higher than those
of the converters Boost and isolated Zeta.

B. DCM Operation

The DCM operation has five stages, previously discussed. By
applying the voltage–second balance principle on Lm and Lo ,
the voltage across the capacitor Cob and Coz can be represented
by (17). For the normalized input current, due the PV, the static
gain for the DCM operation is given by

MDCM =
Vo

Vi
=

(N + 1)D3

Iinor − D3 + 1. (23)

On other hand, for the normalized output current, due the
charge of the CESD, the static gain for the DCM operation is
given by

MDCM =

2(ND + 1)2

−(ND + 1)2 ±
√(

(ND + 1)2 + 4
)

(ND + 1)2 + Ionor

.

(24)

C. BCM Operation

If the proposed converter is operated in BCM, the voltage
gain of CCM operation is equal to the voltage gain of the DCM
operation. For the normalized input current, the static gain for
BCM is given by (25) and for the normalized output current
(26):

MBCM =
Vo

Vi
=

N
√

Iinor + 1
1 −√

Iinor
(25)

MBCM =
Vo

Vi
=

N (1 − Ionor) + 1
Ionor

. (26)

Using (22), (23), and (25), Fig. 6(a) shows the curve of Iinor
versus the static gain. Because the source is a PV panel, Fig. 6(a)
depicted the behavior of the normalized input current versus
static gain, considering a constant input voltage. So, by (22),
(24), and (26), Fig. 7(b) shows the curve of Ionor versus the
static gain. Due to the CESD, Fig. 6(b) depicted the behavior of
the normalized output current versus static gain, considering a
constant output voltage.

V. COMPARATIVE ANALYSIS

This section presents a comparative analysis of the proposed
converter to the Boost and isolated Zeta converters, evaluating
the voltage stress in semiconductors. To simplify this analysis,
the converters are in CCM operation.

Table I summarizes the voltage gain and normalized voltage
stress of key components of active as well as passive switches
for the proposed converter, Boost converter, and isolated Zeta
converter.

For comparison, the voltage gains, switch stresses, and diodes
stresses of the converters. It is seen from Table I that a much
higher static gain can be achieved and the voltage stress on
semiconductors of the proposed Boost–Zeta converter is smaller
than others converter. As a result, one can expect that with proper
design, the proposed converter can adopt switch components
with lower voltage ratings to achieve higher efficiency.
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Fig. 6. Boundary condition of the proposed converter for (a) Iinor versus
static voltage gain, N = 6 and (b) Ionor versus static voltage gain, N = 6.

Fig. 7. Block diagrams for the system. (a) Current closed loop and (b) voltage
closed loop.

VI. MODELING AND CONTROL OF THE PROPOSED INTEGRATED

BOOST–ZETA CONVERTER

This section presents an alternative way to model the inte-
grated Boost–Zeta converters.

A. Proposed Concept of Disaggregation

In order to prevent a complex small-signal model, which is
not straightforward process, because the integrated Boost–Zeta
converter is connected in stacked structure and is a fifth-order
model, the following assumptions are made.

TABLE I
PERFORMANCE COMPARISON

Converters Boost Isolated Zeta Integrated Boost–Zeta

Voltage Gain MC C M
1

1 − D

N D

1 − D

N D + 1
1 − D

Switch S
Vs

Vi

1
1 − D

D

1 − D
+ 1

1
1 − D

Diode Db
VD b

Vi

1
1 − D

–
1

1 − D

Diode Dz
VD z

Vi
–

N

1 − D

N

1 − D

1) To avoid complex interaction between the Boost and Zeta
converter operation, first, the integrated converter is sep-
arated into each converter: the boost and Zeta converter.

2) Both Boost and Zeta converter operate with the same duty
cycle and independently.

3) Output current of the converter (Io = Ibat) is the average
current of the inductor Lo (iLo); therefore, to find the
model of the iLo and control this current, is considered
only for the Zeta converter [see Fig. 7(a)].

4) There is no interference between the output voltages of
each stacked output (Vob and Voz). This feature is fun-
damental to propose that the integrated converter can be
modeled by means of the sum of each former converter as
illustrated in the diagrams of Fig. 7(b).

In the following section, the small-signal models for the out-
put current and output voltage are derived. Since the disag-
gregation is true, the modeling process makes use of standard
state-space averaging approach for Boost and Zeta converters
presented in [22]–[25].

B. Small-Signal Modeling for Output Current to Duty-Cycle
Transfer Function

Averaged models of the separated converter can be easily
derived by using an averaged PWM switch model for CCM or
for DCM. Linearization of the low-frequency averaged model is
derived using the state variables. The small-signal linear models
can be derived substituting the perturbation matrices into the
average models.

To find the output current to duty-cycle transfer function, it
is required only to define the current through inductor Lo . This
way

GiLo(s) =
iLo

d
(s) =

p3s
3 + p2s

2 + p1s + p0

q4s4 + q3s3 + q2s2 + q1s + q0
(27)

where the coefficients are shown in the Appendix.

C. Small-Signal Modeling for Output Voltage to Duty-Cycle
Transfer Function

In the same way, to find the output voltage to duty-cycle
transfer function, a similar approach to the previous sections
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TABLE II
PARAMETERS OF INTEGRATED BOOST–ZETA CONVERTER

Symbol Parameters Calculate Prototype

N 6 6
Lm 95.2 μH 95.2 μH
Lo 10.12 mH 10.12 mH
Cz 902.02 nF 1 μF
Co z 45.1 nF 68 nF
Co b 4 μF 3.3 μF
fs 100 kHz 100 kHz
MOSFET S 60 V/8 A IRFP150A (100 V/42 A)
Dz 360 V/0.7 A MBR40250G (250 V/40 A)
Db 60 V/8 A MBR20200CT (200 V/20 A)

is carried out. Nevertheless, since the output voltages of each
former converter are summed of Vob and Voz , the output voltage
transfer to duty-cycle transfer function is the sum of the out-
put voltage transfer function of both Boost (28) and Zeta (29)
converters, which are given as

Gvob(s) =
vob

d
(s) =

p1s + p0

q2s2 + q1s + q0
(28)

Gvoz(s) =
voz

d
(s) =

p3s
3 + p2s

2 + p1s + p0

q4s4 + q3s3 + q2s2 + q1s + q0
(29)

where the coefficients are shown in the Appendix.

D. Controller Design

By means of the parameters given in Table II, it is possible to
design the compensators for the closed-loop system. Fig. 7(a)
shows the block diagram for the closed-loop of the output cur-
rent, and Fig. 7(b) shows the closed loop of the output voltage.
As it can be seen, the compensators used are proportional inte-
grator (PI), allowing the elimination of a steady-state error. The
controller design procedure consists of allocating the poles in
order to eliminate the steady-state error and to get maximum
attenuation of the resonance, and placing the zeros to damp the
overshoot and at the resonant frequency to avoid conditional
stability. Finally, it is required to set the loop gain crossover
frequency below a switching frequency, typically one decade
less than a switching frequency.

The implementation of the compensators for output current
is performed by

CiLo = Ki
ωzci

s
(30)

where Ki = 108.32 m; ωzci = 6.28e4 rad/s. The crossover
frequency obtained from the charging current control loop is
1.2 kHz and a phase margin near to 60° provides good response.
Fig. 8(a) shows the bode diagram of the current iLo with com-
pensator.

The implementation of the compensators for output voltage
is executed by

Cvo = Kv
s + ωzcv

s
(31)

where Kv = 385.91 μ and ωzcv = 8.17e3 rad/s. The cross
over frequency obtained from the charging voltage control loop

Fig. 8. Bode diagram with compensator (a) output current iLo and (b) output
voltage vo .

Fig. 9. Experimental results for a load step from 50% to 100%: (a) Output
current iLo and (b) output voltage vo .
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Fig. 10. Waveforms of the proposed converter prototype. (a) Currents in CCM mode. (b) Voltage in DCM mode. (c) Currents in DCM mode. (d) Voltage stress
on semiconductors.

is 40.8 Hz and a phase margin near to 60° provides good re-
sponse. Fig. 8(b) shows the bode diagram of the output voltage
with compensator.

E. Control Validation

To validate the proposed disaggregation of modeling and con-
trol strategy of the integrated Boost–Zeta converter is validated
through an experimental prototype whose main parameters are
given in Table II.

Fig. 9 presents the experimental results for a load step from
50% to 100% of the output power. Fig. 9(a) shows the load step
for the output current, in the CCM mode, and it is observed as
a good regulation. In the DCM mode, Fig. 9(b) shows the load
step for the output voltage, and it presents good performance.

These results demonstrate that the model obtained by the
proposed concept disaggregation, depicted in the initial sec-
tions is adequate to design the control system for the converter,
combining a well-known modeling technique with a good rep-
resentation of the main dynamics of the converter.

VII. DESIGN AND EXPERIMENT OF THE PROPOSED CONVERTER

To verify the performance of the proposed converter in
the FREEDM system, a prototype circuit is implemented in
the laboratory. The input data are given by the PV KY-
OCERA FV-250W and the central energy device storage (bat-
tery UNIPOWER GP12-7), the specifications are as follows:

1) Pi = 250 W, input power;
2) Vi = 30 V, input voltage;
3) Vo = 240 V, output voltage;
4) Vob = 60 V, output voltage of a Boost cell converter;
5) Voz = 180 V, output voltage of a Zeta cell converter;
6) Io = 0.7 A, charging current;

7) D = 0.5, duty cycle;
8) fs = 100 kHz, switching frequency.
The Boost–Zeta converter parameters are summarized in

Table II.
The main waveforms for the Boost–Zeta converter were ob-

tained in the laboratory and are shown in Fig. 10.
In a CCM mode, Fig. 10(a) presents the inductor Lo current

(iLo), the current in the primary of the coupled inductor (ipri =
iLm + iN 1), and the current in the secondary of the coupled
inductor (isec).

In a DCM mode, Fig. 10(b) shows the output voltage (Vo =
240 V), the output voltage of the isolated Zeta cell (Voz =
180 V), the output voltage of the Boost cell (Vob = 60 V), and
the input voltage (Vi = 30 V). Fig. 10(c) shows the inductor
Lo current (iLo), the current in the primary of the coupled in-
ductor (ipri = iLm + iN 1), and the current in the secondary of
the coupled inductor (isec).

Finally, in Fig. 10(d), it can be seen the voltage stress in the
switch (Vs), in the diode Db (VDb), and the diode (VDz). Thus,
validating the analysis depicted in Table I for the voltage stress
in the semiconductor.

In Fig. 11, the transient waveforms of the MPPT algorithm
are shown. The converter can perform the MPPT function since
that the panel output power is decreased from 250 to 190 W, and
the converter achieves the settling time approximately at 0.50 s.

Fig. 12 shows the variation of the charging current for approx-
imately 180 min and it provides the charge from a discharged
battery bank (189 V) to a fully charge one (240 V), where the
converter is in CCM. Afterward, the CESD voltage is kept reg-
ulated at 240 V. The charging current decreases approximately
to 0.07 A, where the converter is in DCM, thus completing
the charging process for this battery bank (18 series-connected
batteries).
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Fig. 11. Transient responses of MPPT algorithm, ppv 50 W/div, ipv : 2 A/div,
vpv : 10 V/div.

Fig. 12. Waveforms of charging CESD (batteries).

TABLE III
WEIGHTED AVERAGE EFFICIENCY OF CALIFORNIA ENERGY COMMISSION

Weighting Ppv Average Efficiency

0.01 93.23 0.9323
0.15 93.19 13.9785
0.37 92.8 34.336
0.33 92.5 30.525
0.13 92.21 11.9873
0.01 92.16 0.9216
Total 92.6807

From the features of the PV KYOCERA FV-250W, the
weighted average efficiency of California energy commission
measured from the prototype is given by Table III, by using
Yokogawa-WT3000E. As it can be seen, the average efficiency
is 92.6807%, which is a good efficiency for a high-voltage gain
converter considering the full-charge condition.

With the characteristics of PV KYOCERA FV-250W and
the central energy device storage (battery UNIPOWER GP12-
7), Fig. 13 shows a comparison between the proposed Boost–
Zeta converter and the isolated Zeta converter prototype. As it
can be seen, the proposed converter is better than isolated Zeta
converter, across all ranges of the irradiation, with the maximum
value 93.23% with the irradiation equal a 200 W/m². Therefore,
the results show that the proposed converter has promoted the
efficiency in relation to the isolated Zeta converter.

Fig. 13. Experimental conversion efficiency.

VIII. CONCLUSION

The PV converters can take advantage in FREEDM systems
of reducing their complexity as well as costs to the end user.
This paper presented the Boost–Zeta converters with high step-
up voltage gain, supplying a 190–259 VDC of a dc bus in the
proposed modified FREEDM system. The power converter is
responsible for the MPPT for the PV generator and also controls
the central energy device storage.

To ensure low ripple current across the central energy device
storage and high-voltage gain, the Zeta cell converter has been
chosen, and also, due to the fact that the current PV panel
is not discontinuous and increases the voltage gain, the Boost
cell converter was chosen. This combination of the cells allows
achieving the qualities of each cell and also adds quality to
decrease stress on the components and component values.

The converter is designed to operate in CCM and DCM modes
due to central energy device storage, and it is necessary to reg-
ulate both current and voltage of the central energy device stor-
age. The approach of the disaggregation concept for modeling
and control of the proposed converter ensures good transient
response when the converter is subject to load disturbances and
when applied in the proposed modified FREEDM system.

Experimental results are presented and confirm the theoretical
analysis.

APPENDIX

The parameters for (27) are as follows.
Parameters in polynom Q

q0 = − ND(1 − D)2

Lm LorcozNCzCoz
, q1 = − N(1 − D)2

NCzLm CozRrcoz

q2 =
N(1 − D)2 + DLm NCz

LorcozCoz
, q3 = − 1

CozRrcoz
q4 = 1.

Parameters in polynom P

p0 =

(

− 1
Lorcoz

D

Coz
+

(
ND2

Lo
+

N(1 − D)2

Lm

)
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× 1
NCzCozRrcoz

)
NVi − VCz

Lo

p1 =
D2 (NVCz

+ Vi)
LoLm Cz

+
NVi − VCz

CozRrcozLo
+

(
CozRrcoz − 1

CozRrcoz

)

×
(

DiLm − DNiLo

LoCz

)

p2 =
NVCz

+ Vi

CozRrcozLm
,

p3 =
(Lo + Lm ) NVi + VCz

LoLm
.

The parameters for (28) are as follows.
Parameters in polynom Z

q1 =
1

rcobCob
, q2 =

R

Mob
2Lm

.

Parameters in polynom P

p1 =
2Mob − 1

RCob (Mob − 1)
, p2 = 2fs

(
Mob − 1
DMob

)2

.

Parameters for (29): Parameters in polynom Q equations are
shown at the bottom of the page.

Parameters in polynom P

p0 =
((

−NΔ2

Lm
+

NΔ4

NLm − Lo

)

×
(
−D + Δ2

Lo
+

Δ4

(NLm − Lo) rcoz

)

+
Δ4

N(Lm − Lo)rcoz

(
− D

Lo
− Δ4

NLm − Lo

))

×
(
−D (D + Δ2) Vi

2NCzLm
+

D (D + Δ2) Vi

2CzLo

)

1
CozRrcoz

+
Rrcoz

(R + rcoz) CozRrcoz

(
−D + ND + NΔ4

NCz

)

×
((

− D

Lo
− Δ4

NLm − Lo

)

(
N 2D + 1 − D

)
Vi

Lm (1 − D)
+

(
−NΔ2

Lm
+

NΔ4

NLm − Lo

)

×
(

(1 − 2D) NVi

Lo(1 − D)

)
(D − R)

p1 = − DRrcoz

Cozrcoz(R + rcoz)

(
−D + Δ2

Lo
+

Δ4

N(Lm − Lo)rcoz

)

×
(
N 2D + 1 − D

)
Vi

Lm (1 − D)

− DRrcoz

Cozrcoz (R + rcoz)

(
NLm Δ4 − NΔ2 (NLm − Lo)

NLm − Lo

)

(
−D (D + Δ2) Vi

2NCzLm
+

D (D + Δ2) Vin

2CzLo

)

−
(

NLm Δ4 − NΔ2(NLm + NL)o

NLm
2 − Lm Lo

)

(D + ND + NΔ4) (1 − 2D) DRrcozNVi

NCz (Lo(1 − D)R + rcoz)

+
(DNLm − LoLoΔ4) (DRrcoz (1 − 2D) NV )i

(NLm − Lo)
(
Lo

2CozRrcoz (R + rcoz) (1 − D)
)

p2 =
1
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(
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)
Vin
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(1 − 2D) NVi

Lo(1 − D)

+
1

CozRrcoz

(
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)
Vin
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×
(
−D (D + Δ2) Vi
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)

− 1
CozRrcoz

(
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)
Vi
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(1 − 2D) NVi

Lo(1 − D)

+
(
− D

Lo
− Δ4

NLm − Lo
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1
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p3 =
DRrcoz

R + rcoz

(
N 2D + 1 − D

Lm (1 − D)
Vi +

1 − 2D

Lo(1 − D)
NVi

)
.
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