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Abstract: In this article, a new non-isolated interleaved DC-DC converter is proposed to provide a
high voltage conversion ratio in renewable energy systems. The converter configuration is composed
of a two-phase interleaved boost converter integrating a voltage-lift capacitor and three-winding
coupled inductor-based voltage multiplier modules to achieve high step-up voltage conversion and
reduce voltage stresses on the semiconductors (switches and diodes). The converter can achieve
a high voltage conversion ratio when working at a proper duty ratio. The voltage stresses on the
switches are significantly lower than the output voltage, which enables engineers to adopt low-
voltage-rating MOSFETs with low ON-state resistance. The switches can turn on under zero-current
switching (ZCS) conditions because of the leakage inductor series reducing switching losses. Some
diodes can naturally turn off under ZCS conditions to alleviate the reverse-recovery issue and to
reduce reverse-recovery losses. The input current has small ripples due to the interleaved operation.
The leakage inductor energy is recycled and voltage spikes on the switches are avoided. The proposed
converter is suitable for applications in which high voltage gain, high efficiency and high power are
required. The principle of operation, steady-state analysis and design considerations of the proposed
converter are described in detail. In addition, a closed-loop controller is designed to reduce the effect
of input voltage fluctuation and load change on the output voltage. Finally, a 1000 W laboratory
prototype is built and tested. The theoretical analysis and the performance of the proposed converter
were validated by the experimental results.

Keywords: high voltage gain DC-DC converter; three-winding coupled inductor; zero-current
switching; closed-loop controller design

1. Introduction

The demand for renewable energies, such as fuel cells and photovoltaic arrays, has
dramatically increased for electricity generation because of the shortage of fossil fuels
and the growing climate change impacts [1]. The renewable energy system is shown in
Figure 1. A 380 or 400 V4. dc-bus voltage is necessary for grid-connected applications if
the line voltage of the utility grid is 220 V,.. However, the output voltages of fuel cells and
photovoltaic arrays are typically lower than 50 V. Therefore, DC-DC converters with high
voltage conversion ratios are necessary to boost the low voltages of green energy resources
to the high dc-bus voltage required in renewable energy system applications.

High voltage gain DC-DC converters can be mainly divided into two types: isolated
and non-isolated. The traditional isolated type adjusts the transformer turns ratio to
obtain high voltage gain, such as in push—pull, half-bridge, forward and flyback DC-DC
converters. However, high leakage inductance derived from the high turns ratio may result
in high voltage spikes and poor efficiency. A boost converter of the non-isolated type can,
theoretically, achieve high voltage gain by operating at a very large duty ratio. However,
the voltage conversion ratio is practically limited due to parasitic elements [2]. In general,
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high voltage rated MOSFETs have the characteristic of high ON-state resistance Rpsony,
and the high voltage-rated diodes have high forward voltage drop. Therefore, a high
voltage gain DC-DC converter, having low voltage stresses on the switches and diodes, can
contribute to reducing conduction losses. Consequently, low semiconductor voltage stress
is important for efficiency considerations in the new high voltage gain converter topology.

High Voltage

Wind Power Turbine Ut|||tyGr|d

DC/DC
| Converter

Figure 1. A renewable energy system.

In recent years, high voltage gain DC-DC converters have been researched in depth
by means of different voltage-boosting techniques. The most widely used method is
based on the coupled inductor technique. In [3], a coupled inductor-based soft switched
high step-up converter with a voltage multiplier cell was proposed for DC microgrid
applications. In [4], five categories of high step-up coupled-inductor boost converters
were reviewed. Two configurations for two- and three-winding coupled inductor-based
high step-up DC-DC converters were proposed for sustainable energy applications in [5].
In [6], a three-winding coupled inductor-based high voltage gain DC-DC converter was
proposed for photovoltaic (PV) systems. The turns ratio of the coupled inductor can be
utilized to increase design freedom for the voltage conversion ratio in addition to the duty
ratio. The winding cross-coupled inductor contributes to the current sharing performance
of the interleaved two-phase converter [7]. The voltage multiplier cell (VMC) is often
composed of a coupled inductor and diode—capacitor to further extend the voltage gain
and reduce the switch voltage stress [8-11]. A converter topology that integrates a built-
in transformer, coupled inductor, diode and capacitor is proposed to extend the higher
voltage gain [12,13]. To achieve high voltage gain with simple circuit structures a number
of approaches have been proposed, such as the following: transformer-less and coupled
inductor-less techniques of a hybrid switched-inductor in [14], modified active switched-
inductor in [15], active switched-inductor and passive switched-capacitors in [16,17] and
switched-capacitor in [18]. Three-level DC-DC converters have a simple configuration and
decrease the switch voltage stress to half the output voltage [19,20]. To reduce switching
losses, zero-voltage switching (ZVS) or zero-current switching (ZCS) in high voltage gain
DC-DC converters were proposed in [21-23]. The review papers provide good references
for research on high voltage gain DC-DC converters [24-27].

A new non-isolated high voltage gain, interleaved DC-DC converter, suitable for
renewable energy applications, is proposed in this article. The techniques of voltage-lift,
three-winding coupled inductors and voltage multiplier modules are used to increase the
voltage conversion ratio and to reduce the voltage stresses on the power devices.

The characteristics and benefits of the presented converter are summarized as follows:

(1) The high voltage gain of the proposed converter can be obtained with an appropriate
duty ratio.
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(2) Low voltage-rated MOSFETs with low ON-state resistance Rpgon) and low voltage-
rated diodes with low forward voltage drop can be adopted to reduce conduction
losses, due to their having low voltage stresses.

(3) The switches turn ON under the ZCS condition to reduce switching losses.

(4) The diode reverse-recovery issue is mitigated due to the leakage inductors of the
coupled inductors, and voltage spikes on the switches are avoided because the leakage
energy is recycled.

(5) The interleaved parallel input structure of the presented configuration decreases
current stresses on the power devices and reduces the input current ripple.

The rest of this article is organized as follows. The operational principle of the pro-
posed converter is presented in detail in Section 2. The steady-state analysis is given
in Section 3. The driving circuit and the closed-loop controller design is demonstrated
in Section 4. Section 5 demonstrates the simulation and experimental results when us-
ing a 1000 W laboratory prototype to validate the theoretical analysis and to assess the
effectiveness of the presented converter. This article is concluded in Section 6.

2. Proposed Converter and Principle of Operation
2.1. Proposed Converter

The circuit configuration of the proposed converter topology is shown in Figure 2a. The
proposed converter has two coupled inductors with three windings. Their own coupling
references are denoted “e” and

“_
o .

Voltage multiplier
modules

Interleaved boost
converter witha ¢
voltage-lift capacitor!

(b)

Figure 2. (a) Proposed high voltage gain DC-DC converter. (b) Equivalent circuit.

The first winding of each coupled inductor acts as an input filter inductor. The second
and third windings of the coupled inductors are inserted in series integrating capacitors
and diodes to form two voltage multiplier modules (VMMs). It should be pointed out that
the arrangement positions of the series windings are different in the two VMM, so that
the output capacitors, C; and Cs, can be charged and discharged alternately to reduce the
output voltage ripple. The proposed converter primarily consists of two parts: one part
is the interleaved boost converter integrating a voltage-lift capacitor, and the other part
is the stacked structure of two voltage multiplier modules on the output side to further
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extend the voltage gain and reduce the voltage stresses on the power devices. Interleaved
operation is adopted to help the current ripple cancellation on the input side.

Figure 2a, 51 and S; present the following power switches: Cy is the voltage-lift capac-
itor, C1, Cp and Cj3 are the output capacitors, C11 and Cp; are the regenerative capacitors,
C12 and Cyy are the voltage-doubler capacitors, D, is the clamp diode, Dy, D,y and D,z are
the output diodes, D11 and Dy; are the regenerative diodes, D1, and D5, are the voltage-
doubler diodes and R, is the output load. The equivalent circuits for the coupled inductors
consist of the ideal transformers with a turns ratio N1:N»:N3, the magnetizing inductors
L1 and Ly, and the leakage inductors Ly; and Ly,. Figure 2b shows the equivalent circuit
of the presented converter.

2.2. Operational Principle

The switches S; and S, operate in an interleaved manner with phase shift 180° to
lower the input current ripple due to ripple cancellation. The duty ratio of the switches is
greater than 0.5 for high step-up voltage gain purposes. The key steady-state waveforms
of the presented converter, operating in continuous conduction mode (CCM), are shown
in Figure 3. According to the ON/OFF state of the switches and diodes in one switching
period, the converter has eight operational stages, as illustrated in Figure 4.

o tit, btals &ty G
Figure 3. Key steady-state waveforms.

In order to simplify the circuit analysis, some assumptions are made, as follow:

1.  All semiconductors (switches and diodes) are considered to be ideal.
2. All capacitors are sufficiently large, and the voltages on these capacitors are regarded
as constant during one switching period.

3. The parameters of the three-winding coupled inductors are regarded as being identical;

that is, the turns ration = Np /N7 = N3/Ny, Lyyg = Lyp = Ly and Ly = Ly = L.
The coupling coefficient of the coupled inductor is defined as k = Ly, /(L + Ly).
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Stage 1 [ty ~ t1]: At the beginning of this stage, switch S; starts to conduct and
Sy keeps to the on-state. The diodes Dy, D., D13, Dp; and D,3 are reverse-biased. Due
to the existence of leakage inductor Ly and the initial current ijx; (f9) = 0, S; achieves
ZCS turn-on because of the leakage inductor series. In this stage, the leakage current i
increases rapidly from its initial value (zero). The magnetizing energy stored in L, still
transfers to the second and third windings of the coupled inductor when ij3; < if;;1. The
currents ip11, ipp2 and ip,, decrease and the descent rate is limited by the leakage inductors
Ly and Ly;. Therefore, the reverse-recovery issue of these diodes is lessened.

When the leakage current iyy rises to reach izy; = i,1 at t = t1, the currents ip1, ipy2
and ipyy decrease to zero. The diodes Dy1, Dy and Do, turn OFF under the ZCS condition.
During this stage, the leakage current iy is given by

irk1(t) = ipm1(t) — n(ip11(t) +ipe2(t) +ip22(t)) 1

Stage 2 [t ~ tp]: The switches S1 and S are turned ON, and all diodes are reverse-
biased during this stage. The input voltage V;, supplies energy to the magnetizing inductors
L1 and Ly, as well as the leakage inductors Ly and Ly,. The leakage currents ij;y and iy,
increase linearly. The output capacitors C1, C; and Cs provide energy to the output load.
When the switch S; is turned OFF, the stage ends. During this stage, the leakage currents
can be represented as

. . Vi

ik (t) = ipka(t) + Tf:Lkl(t —t1) )
m

. . V;

irko(t) = ipka(tr) + T—l:Lkz(t —t1) 3)
m.

Stage 3 [t ~ t3]: The switch S; is turned OFF at t = t;. The clamp diode D, begins
to conduct because the leakage current iy, is continuous. The diodes D1y, Dy1, Dy3 and D,
are forward-biased. The current i1, flows through D¢, Cr and Sy to charge the voltage-lift
capacitor Cy. The voltage across S; is clamped by the capacitor voltage Vcr. The leakage
current iz, decreases and the energy stored in the magnetizing inductor L, is transferred
to charge the capacitors Cj, and Cp; via the second and third windings of the coupled
inductor during this stage. In the meantime, capacitors C;; and Cy; are discharged. This
stage is terminated when iy, falls to zero at t = t3.

Stage 4 [f3 ~ t4]: At the beginning of this stage, the leakage energy stored in Ly,
is released completely. The clamp diode D, is turned OFF with ZCS naturally. The
magnetizing current iy, is reflected from the first winding to the second and third windings
completely. The operation of this stage is similar to stage 3. This stage ends when switch
Sy returns to conduct at t = t4. The switch current ig; is equal to the sum of iy 1 and if,,»
during this stage, which can be written as

is1(t) = ipm1 () +n(ip12(t) +ip21(t) +ipea(t)) = ipm (t) + ipma(t) 4)

Stage 5 [t; ~ t5]: At the beginning of this stage, switch S, starts to conduct and
51 keeps to the on-state. The diodes Dy, D, D11, Dy2 and Dy, are reverse-biased. Due
to the existence of leakage inductor Ly, and the initial current ijy,(t4) = 0, S, achieves
ZCS turn-on because of the leakage inductor series. In this stage, the leakage current iy,
increases rapidly from its initial value (zero). The magnetizing energy stored in L, still
transfers to the second and third windings of the coupled inductor when iz3, < i1,2. The
currents ip1y, ipp1 and ip,3 decrease and the descent rate is limited by the leakage inductors
Ly and Ly,. Therefore, the reverse-recovery issue of these diodes is lessened.
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When the leakage current iy, rises to reach ijy, = ir,;p att = ts5, the currents ipqo,
ipp1 and ip,3 decrease to zero. The diodes D1y, D1 and D,j3 are turned OFF with the ZCS
condition. During this stage, the leakage current iy, is given by

irko(t) = i (t) — n((ip21(t) +ip12(t)) + ipe3(t)) 5)

Stage 6 [t5 ~ tg]: The switches S and S, conduct, and all diodes are reverse-biased
during this stage. The magnetizing inductors L,,; and L, as well as the leakage inductors
Ly and Ly, are supplied with energy by the input voltage V;,,. The leakage currents iy
and iy, increase linearly. The output capacitors C;, Cp and C3 provide energy to the output
load. The stage ends when switch S; is turned OFF. During this stage, the leakage currents
can be represented as

. . Vi

ik (t) = ipxa(ts) + m(t —t5) (6)
m

. . Vi

irko(t) = ipka(ts) + TrLkz(t —t5) (7)
m.

Stage 7 [t ~ ty]: Switch Sq is turned OFF at t = t4. The output diode D,; begins to
conduct because the leakage current iyyq is continuous. The diodes D11, Dy, D,1 and D,y
are forward-biased. The leakage current i j; flows through Dy, Cr and C; to charge the
output capacitor C; and to discharge the voltage-lift capacitor Cy. The voltage across S; is
clamped by the voltages on the capacitors Cr and Cj. The switch voltage stress is equal to
—Vcr + V1. During this stage, the leakage current if4; decreases and the energy stored in
the magnetizing inductor L,,; is transferred to charge the capacitors C1; and Cy; via the
second third windings of the coupled inductor. In the meantime, capacitors Ci; and Cp;
are discharged. This stage is terminated when the leakage current i} decreases to zero at
t=ty,

Stage 8 [f; ~ tg]: At the beginning of this stage, the leakage energy stored in Ly
is released completely. The output diode D, is naturally turned OFF with ZCS. The
magnetizing current iy, is reflected from the first winding to the second and third windings
completely. The operation of this stage is similar to that of stage 7. During this stage, the
switch current ig; is equal to the sum of i ,,; and i1, which is derived from

iso(t) = ipma(t) +n(ip11(t) +ipe2(t) +ip2(t)) = ipm (t) + irma(t) 8)

When switch S; returns to conduct at ¢t = tg, this stage ends. Then, another new
switching cycle begins.

3. Steady-State Analysis

In order to simplify the steady-state analysis of the suggested topology, the transient
stages of stage 1 and stage 5 are disregarded, due to their significantly short times, and the
leakage inductors are ignored with coupling coefficient k = 1.

3.1. Voltage Gain Analysis

By applying the volt-second balance principle to the magnetizing inductor L, the
voltage-lift capacitor voltage Vf can be obtained by

1
Ver = 13V ©)

The result is identical to the output voltage of the traditional boost converter. In
addition, the magnetizing inductor L,,; also satisfies the volt-second balance principle.
We obtain

1
—Ver+Var = 1-D

5 Vin (10)
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Therefore, the voltage of the output capacitor C; can be derived by

2

Vo= ——
C1 1-D

Vin (11)

In stage 3, the magnetizing inductor voltages are given by

Opm1 = kViy (12)
kD
orm2 = k(Viu _VCf) = mvm (13)
where the coupling coefficient is defined as
k= Lo/ (L + L) (14)

The voltage of the capacitor Cy; can be calculated by the voltages of the third windings
in series in the voltage multiplier module in stage 3. This is given by

kn
Vear = mopm — n01m2 = 17— Vin (15)

Moreover, by applying the Kirchhoff’s Voltage Low (KVL) to the circuit of stage 3, the
following equations can be obtained

Ve + nopme — 1o — Ve =0 (16)

Ves + nopmy — nopm — Veaz =0 (17)
In stage 7, the magnetizing inductor voltages are given by

kD

5 Vin a8)

Ormt = Vin + Ve — Vo1 = —
OLm2 = kViy (19)

The voltage of the capacitor Cq; can be calculated by the voltages of the series’ third
windings in the voltage multiplier module in stage 7. This is given by

kn
Ve = nopme — noum = 7 Vin (20)

Moreover, by applying the Kirchhoff’s Voltage Low (KVL) to the circuit of stage 7, the
following equations can be obtained

Vo +nopm — nopme — Voo =0 (21)

Vo + nopm — hopme — Vo1 =0 (22)

Arranging the above equations, the voltages of the capacitors Cip, C22, C; and C3 can
be obtained. The results are as follows.

2kn
Ve = Ve = 17— Vin (23)

3kn

=55 Vin 24)

Voo = V3 =
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From Equations (11) and (24), the output voltage of the proposed converter can be

derived by
6kn +2

1-D
Consequently, the voltage gain M of the presented converter can be written in
the form

Vo=Ver+ Voo + Vs = Vi (25)

Vo 6kn+2
“ Vi, 1-D

The different curves of voltage gain with turns ratio n = 1, and various coupling
coefficients, k = 1, 0.95, 0.9, are shown in Figure 5. Clearly, the coupling coefficient k
has little influence on the voltage gain. If the leakage inductor is ignored (the coupling
coefficient k = 1), then the ideal voltage gain of the proposed converter is written in
the form

(26)

My

Vo 6n+2
Mziz
Vin 1-D

(27)

Vo/Vin

1 1

O 1 L 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1

Duty Ratio

Figure 5. Voltage gain curves related to coupling coefficient (1 = 1).

From Equation (27), it can be concluded that the voltage gain of the proposed converter
has two degrees of design freedom, turns ratio n and duty ratio D. The high voltage gain
of the proposed converter can be accomplished without an extremely large duty ratio if
the designer selects the appropriate turns ratio of the coupled inductor. The voltage gain
curves related to the turns ratio and the duty ratio are plotted in Figure 6. In fact, one can
see that the voltage gain was 20 times with duty ratio D = 0.6 and turns ratio n = 1. Thus,
the presented topology is suitable for high step-up voltage conversion.

Based on the operational principle of the presented topology, the voltage stress on
switches Sy and Sq can be determined by stage 3 and by stage 7, respectively. With the help
of Equation (27), the switch voltage stress is given by

1 1
Vso=Ver = 1-pVin = g3 (28)

1 1
Vi =Var=Ver =15V = g2

Vo (29)
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Vo/Vin

0 1 1 Il 1 1 1 1 1 1
0o 01 02 03 04 05 06 07 08 09 1

Duty Ratio
Figure 6. Voltage gain curves related to turns ratio (k = 1).

3.2. Voltage Stress Analysis

The switch voltage stress is much smaller than the output voltage. Therefore, MOSFETs
with low rated voltage and low on-resistance Rpgony can be used to reduce the conduction
losses. Moreover, the voltage stresses on the following diodes can be obtained from stage 3.

1 1
Vbor = Ver = Ve = 1 Vin = ¢ =5 Vo (30)
2n n
Voo = Ve2 = Ven = 7 —pVin = 3,77 "% 31)
2n n
=V = Vin = V. 2
Vo =Vewn = 17— pVin=3,-7"% (32)
2n n
Vo =Ven = 17— pVin=3,"7"% (33)

Similarly, the voltage stresses on the following diodes can be obtained from stage 7.

2 1
pe=Ver=1_pVin=73"7"% (34)
2n n
= = = V 35
Vb2 = Ve = 7 Vin = 3,7V (35)
2n n
= Ve = = v, 36
Voo = Ver = 7 Vin = 3,77V (36)
2n n
Vbos = Vs — Ve = 1_DVin:3n+1VO (37)

From the results in Equations (30)—(37), the voltage stresses on the diodes are much
lower than the output voltage. Therefore, the designer can choose the low forward voltage
drop diodes to reduce conduction losses. It is known that the voltage stress on the switch or
diode in the interleaved boost converter is equal to the output voltage. Thus, the presented
converter has the merit of low semiconductor voltage stress.
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3.3. Design Consideration
3.3.1. Considerations of Coupled Inductor Design

If an appropriate duty ratio is selected, then the turns ratio of the coupled inductor
can be calculated according to Equation (27) and is given by

_ V,(1-D)

1
- = 38
7 3 (38)
In order to operate under CCM and current-ripple considerations, the magnetizing
inductor of the coupled inductor is designed as follows. If the average current through the
magnetizing inductor is denoted as I, and its ripple current is denoted as Aij,, then, the
condition for the presented converter operating in CCM can be represented as

1. .
Iim > 5 Ay 39)

Based on the operational principle, the ripple current Aij,, can be expressed as

Aipy = LD, (40)
L

where T; is the switching period. The average current I}, can be written in the form

Py
I, = 41
Lm 2V, (41)
where P, denotes the output power. Therefore, the value of the magnetizing inductor Ly,
must satisfy the following condition in CCM operation.

V2 DT,
Ly > "2 (42)
P,
Substituting Equation (27) into Equation (42), we obtain
_ 2v,2 o 2
L, > (1-D)°V;DT, _ D(1-D)'R, (43)

(6114 2)*P, (6n+2)f;
where f; is the switching frequency.

3.3.2. Considerations regarding Capacitor Design

The main consideration regarding each capacitor is suppression of the voltage ripple
to an acceptable level. According to the operational principle of the presented converter,
the output capacitor C; discharges to the load by the output current in a total time of about
DT;. Therefore, the ripple voltage on the output capacitor C; can be expressed as

AVey ~ (44)

Substituting Equations (11) and (27) into Equation (44), we obtain

(31’1 + 1)DVC1

AVCl - Roclfs

(45)
If the specification of the voltage ripple on the output capacitor C; is provided, then
the design condition of the output capacitor C; can be given by

(3n+1)D

Ci =
' Rofs(AVer /Ver)

(46)
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Similarly, if the percentage of voltage ripple is specified, then the design conditions of
the output capacitors C; and Cj can be, respectively, expressed as

B (6n +2)D
C2= 3R, fs(AVea/ Vo) @7
(6n +2)D (48)

37 BuRofs(AVies/ Ves)

The average charging current gCll(charge) of the regenerative capacitor Cy; in one
switching period is equal to the average current ip1; of the regenerative diode Dq;. By
applying the amp-second balance principle, the design condition of capacitor C;; can be
expressed as

(6n+2)
Cn =
nRo fs(AVer1/Ven)

The average discharging current ;ClZ(discharge) of the voltage-doubler capacitor Cj, in
one switching period is equal to the average current ip,; of the output diode Dy;. In a
similar way to that of the design method of C;;, the design condition of the capacitance
and the voltage ripple can be derived by

(49)

(6n+2)

C p—
7 2R, fs(AVe1a/ Vera)

(50)

Similarly, the values of the capacitors Cy; and Cp; can be, respectively, derived by

_ (6n+2)
Con = 1R, fs(AVea1/ Viear) oY
(6n+2) (52)

Cor —
27 2nR, fs(AVen / Ven)

3.4. Converter Performance Comparison

In order to illustrate the performance of the presented converter, a comparison to the
similar interleaved high voltage gain DC-DC converters published in [28-33] is shown in
Table 1. If the turns ratio was n > 1 (the general case for high voltage gain purposes), it
revealed the following results: (1) the voltage conversion ratio of the presented converter
was the highest; (2) the switch voltage stress of the presented converter was the lowest,
and was much lower than the output voltage; (3) the maximum diode voltage stress of the
presented converter was the lowest, and was much lower than the output voltage; (4) the
number of components was not the largest.

The voltage gain of the presented converter was higher than that of the converter in [33]
if the turns ratio was n > 1. The switches turned on under the ZCS condition to reduce the
switching losses in the proposed converter. The converter in [33] had the advantage of fewer
components; however, the switches did not have the ZCS turn-on feature.

Table 1. Performance comparison.

Reference
Converter (28] [29] [30] [31] [32] [33] Proposed
: 3n+1 2n+2 2n+4 3n+D(2n—1)+2 Sn+-1 4n+4-4 on+2
Voltage gain 1-D 1-D 1-D —1-D 1-D D T-D
Voltage stress v, v, V, V, V, Vo Vo
on switches 3n+1 2n+ 2n+4 3n+D(2n—1)+2 5n+1 In+ 612
; ; 2nV, (2n+1)V, nV, (n+1)V, 21V, (2n+1)V, nV,
Maximum diode voltage stress T T ) STDEn- 173 Tt s )
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Table 1. Cont.
Reference
[28] [29] [30] [31] [32] [33] Proposed
Converter
Number
of switches 2 2 2 2 2 2 2
Number
of diodes 8 6 6 ? 7 5 8
Number 7 5 6 8 6 5 8
of capacitors
Number of
coupled inductor 2 2 2 2 2 2 2
Voltage gainn =1, D= 0.6 10 10 15 14 15 20 20

4. Driving Circuit and Controller Design

The converter operates in an interleaved mode. It was necessary to design a driving
circuit to generate PWM signals with a phase shift of 180° to drive the power switches. The
driving circuit implemented by the PWM IC KIA494 is shown in Figure 7.

+12V
Vgsz
O
[=]
) \u:‘. § u
,/,—
[;' Vgsl

Figure 7. Driving circuit diagram.

In order to keep the output voltage at a specific value, regardless of input voltage
fluctuations and load changes, the closed-loop control system, shown in Figure 8, was
employed to obtain good output voltage regulation. In the block diagram, C(s) is the
controller transfer function and 1/ Vp is the pulse-width modulator (PWM) gain, where
Vp is the amplitude of sawtooth waveform in the PWM. Function P(s) is the small signal
transfer function of the presented converter from the duty ratio to the output voltage and K
is the sensor gain of the output voltage. The controller C(s) required a design such that the
open-loop transfer function Ty (s) met the following specifications:

e A gain crossover frequency of 1 kHz (27t x 10°rad/s).

e A phase margin (P.M.) larger than 50°.

e  The low frequency gain of the open-loop transfer function Tpy (s) to be very high to
reduce the steady-state error for the constant reference input.
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Vctrl i J \70
C(s) v, [ P(s)
controller PWM circuit proposed
converter
__ sensor gain
Kv,
K
G(s)

Figure 8. Functional block diagram of the feedback system.

The frequency response analyzer NF FRA51602 was used to measure the frequency
response from the control signal 7., to the output voltage sensing signal Kv, at the
operating point of the proposed converter. Then, the curve fitting method, using the
MATLAB software, was employed to establish the transfer function of G(s), where
_ Koy(s) K

= 5100 = VPP(S> (53)

The transfer function by the curve-fitting method is obtained by

G(s)

 kbo(s) 154
G) = Fon(s) ~ 4

2.2 1 2
(1+ B+ s?)

The Bode plots of the measured method and the curve-fitting method are shown
together in Figure 9. From the comparison, it can be seen that the curves were quite
consistent for the frequency range concerned. Consequently, the transfer function given in
Equation (54) was utilized to design the controller.

20 T T
[ ERERE [ RRE [ curve fitting
RN [N R N [
PR e s e ey 3 e TR measurement
m [ RERE [ (N
o [ RERE [ | e I
=
© 200 — - b Ll LT o
kel [ RERE [ [ I
=] [ RERE [ [ I
-"é,40,,,\,L¢Luu\,,4,puw Lo -
o) [ RERE [ [ S
© [ RERE [ [ N
=) R A W N R Lo [T
[ RERE [N [ [
[ RERE [N R N R [N
-80 1 Lol 1 Lo LIl 1 Lol LIl 1 Lol
0 = — e ——— —
[N [ EERET [ curve fitting
[N [N [ measurement
~ ASE - A=k AR - 4 = + ===
g R R RER
e
~ 90F - A=ttt -t = R + == | I+H
0] [ RERE [N (N | i
g [ RERE [N N 1L | i
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Figure 9. Comparison of frequency responses.

In this article, the K factor approach [34] was employed to design the well-known Type
III controller. The electronic circuit with six passive components is illustrated in Figure 10,
and the circuit transfer function is expressed by
et (8) _

_ Ri+Rs (SJrﬁ)(“m)

= — 55
Kvo (S) R1R3C2 s (S + ( )

1 1
m) (S T ‘RsCa)
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trl
Rl ctr

Figure 10. Controller circuit.

The controller consists of an integrator and two sets of phase leaders. The integrator
is helpful to ensure a steady-state error of zero. The phase leaders are helpful to provide
enough phase margin to keep the control loop stable. The controller transfer function was
designed and obtained as

Cls) = 1.13 x 10°(s + 2024) (s + 1761)
~ s(s+24380)(s +20903)

(56)

with the parameters of the six components:
Ry =100 k), Ry = 426 k), R3 = 9.2k}, C; = 1.16 nF, C; = 0.105 nF, C3 = 5.2 nF

The frequency response of the controller C(s) is shown in Figure 11.

60

w
(=]

N
f=}

Magnitude (dB)

—_
(=]

(=]

N
[y

45

Phase (deg)

T S N W T
2 3 4 5

10 10 10 10 10 10

Frequency (rad/sec)

Figure 11. Frequency response of the controller.

The frequency response of the open-loop transfer function Tp(s) =C(s)G(s) was
obtained as depicted in Figure 12. The control system provides a gain crossover frequency
of w = 27t x 10® rad /s, a phase margin of 50°, and very high DC gain. Thus, the designed
controller satisfies the specification requirements of the voltage control system.
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Figure 12. Frequency response of Tpy (s).

5. Experimental Results

A 1000 W laboratory prototype, with voltage conversion from 24 V to 400 V, was
implemented and tested to validate the performance of the presented converter. The
detailed and complete circuit of the experiment with the closed-loop control is shown in
Figure 13. The sensor gain K of the output voltage was equal to 1/100 in the closed-loop
control system. Therefore, the reference signal Vs was equal to 4 V. Figure 14 shows the
prototype photograph. The components and parameters of the experimental converter are
shown in Table 2. The simulation of the proposed converter was performed by the circuit
simulation software Is-Spice, with the circuit shown in Figure 15. The Under the full load
(1000 W) condition, the simulated results and the experimental results are demonstrated in
Figures 16-24.

R3
R3S, RE
C V

N N 3
000 I —P—P—1 jj
g B Du Kv,
L., =C, 2kQ
N 500Q :
i 21 T 12V
s | 1KQ
VT L S, .'t} Sﬁ =
—

Figure 13. The complete circuit with feedback control.
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()

Figure 14. Prototype photograph.

Table 2. Parameters of prototype converter.

Components Parameters
Magnetizing inductors L1, L2 73 uH
Leakage inductors Ly, Ly 0.6 uH
Turns ratio of coupled inductor n 1
Voltage-lift capacitor Cy 82 uF
Output capacitors C;, Cp, Cs3 150 uF
Regenerative capacitors C11, Cpp 82 uF
Voltage-doubler capacitors C1p, Cop 82 uF
Switching frequency f; 50 kHz
Switches S1, S; FDP036N10A
Diodes DH, D21, D12/ Dzz, DoZ/ Do3 V30120C
Diodes D., Dy 30CPQ200

Vout
2
[ca
[ 150u
14
=3 +
| c2 & @
[ 150u
R1
180
2
—< VA
21 14 25
T_g)JZ’Lg)J
vCcz VC11
| c1
2 :|1 2= ]9 T 1800
vC vCiz2

z
ﬂé_TB peial JJ 3___

Figure 15. Is-spice simulation circuit.
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Figure 16. Waveforms of gating signals, output voltage and input voltage: (a) Simulated waveforms;
(b) Experimental waveforms.
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Figure 17. Waveforms of gate signals and drain-source voltages: (a) Simulated waveforms;
(b) Experimental waveforms.
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Figure 18. Waveforms of input current and leakage currents: (a) Simulated waveforms; (b) Experi-

mental waveforms.

The waveforms of the gating signals vs and vgs of the switches, output voltage and
input voltage are illustrated in Figure 16. The voltage conversion ratio was over 16 times
with V, =400 V and V},, = 24 V. It was verified that the converter achieved high voltage
gain without a very large duty ratio.

Figure 17 illustrates the waveforms of the gating signals and the switch voltages v,4;
and v44. The maximum switch voltage was slightly more than 50 V. The switch voltage
stress was much lower than the output voltage 400 V. Clearly, the switches of the proposed
converter had low voltage stress.
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Figure 19. Current and voltage waveforms of the regenerative diodes: (a) Simulated waveforms;
(b) Experimental waveforms.
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Figure 20. Current and voltage waveforms of the voltage-doubler diodes: (a) Simulated waveforms;
(b) Experimental waveforms.
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Figure 21. ZCS soft-switching waveforms of the switches: (a,c) Simulated waveforms; (b,d) Experi-
mental waveforms.
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Figure 22. Voltage waveforms of the output capacitors: (a) Simulated waveforms; (b) Experimental
waveforms.
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Figure 23. Output voltage response. (a) Input voltage variation; (b) Load current change.
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Figure 24. Measured efficiency.

The waveforms of the input current i;,, the leakage currents i;yy and iz, are shown in
Figure 18. The input parallel structure of two-phase shares the input current to reduce the
current stress of power devices. On the other hand, the ripple currents of i;3; and iy, were
almost the same, with an amplitude of 49 A. The current ripple cancellation was achieved,
due to the interleaved operation, such that the ripple current of i;, reduced to only 2 A. It
was verified that the interleaved operation could reduce the input current ripple for the
parallel input structure.

The current and voltage waveforms of the regenerative diodes D1; and D5y, as well
as those of the voltage-doubler diodes Dip and Dyp, are shown in Figures 19 and 20,
respectively. It can be seen that there were no reverse-recovery currents, due to the ZCS
turn-off feature. The voltage stresses were equal to 100 V, which was only one-fourth of the
output voltage. The measured results agreed with the analyzed results.
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Figure 21 shows the switch current and voltage waveforms. The switch currents
igs1 and izy rose linearly from 0 when each switch began to conduct. The ZCS turn-on
performance was achieved to reduce the switching losses.

The voltage waveforms of the output capacitors Cy, C; and C3 are shown in Figure 22.
The voltage V¢ was slightly more than 100 V and the voltages Vi, and V-, were about
150 V, which was in keeping with the results of the analysis. The simulation results were
consistent with the experimental results.

Figure 23a shows the output voltage response and the input voltage variation between
24 V and 27 V. On the other hand, the output voltage response and the output current
under the step-on and step-off load changes between 500 W and 1000 W are illustrated in
Figure 23b. As shown in the figures, the transient ripples of output voltage were clearly
very small. The results demonstrated good voltage regulation performance, due to the
well-designed controller, for the closed-loop control system.

The measured efficiency of the prototype converter at different output powers is
illustrated in Figure 24. The highest efficiency was 95.52% at 200 W, and the efficiency at
1000 W full load was 87.36%.

6. Conclusions

By applying the three-winding coupled-inductor technique, a new high voltage gain
interleaved DC-DC converter for renewable energy systems is introduced in this paper.
The voltage gain is further extended and the semiconductor voltage stresses are reduced by
the voltage multiplier modules. The principle of operation, steady-state analysis, design
considerations and controller design are presented. The high voltage conversion ratio is ac-
complished without a very large duty ratio. The designer can adopt low on-state resistance
MOSFETs and low forward voltage drop diodes to reduce the conduction losses, due to
their low voltage stresses. With the help of the leakage inductors of the coupled-inductors,
the ZCS condition turn-on is intrinsically provided for the switches. The interleaved op-
eration reduces the input current ripple. The leakage energy is recycled to eliminate the
voltage spikes on the switches. A performance comparison with other similar converters
was carried out to reveal the merits of the introduced converter. Moreover, a closed-loop
controller was designed and implemented to ensure effective output voltage regulation.
Finally, the simulation and experimental results, using a 1000 W prototype, are provided to
validate the derived analysis and to demonstrate the advantages of the presented converter.
Thus, the proposed DC-DC converter with high voltage gain and high efficiency is suitable
for renewable energy systems.
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