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Abstract

In case of renewable generation systems like Solar, Wind and Fuel cell it is required to use DC-DC converter to increase the voltage levels
to meet demand. In such case the operating efficiency of dc-dc converter plays a vital role in energy conversion generally lie in the range
of 60-80 percent. In this paper a 3-Z cascaded network is proposed for the renewable energy applications operating at higher efficiency. A
comparison is made between conventional dc-dc buck boost converter with the proposed 3-Z cascaded network and analyzed its perfor-
mance with lighting load. Simulation analysis is also performed to validate the proposed converter behavior.

Keywords: About Four Key Words or Phrases in Alphabetical Order; Separated by Commas.

1. Introduction

In recent years the application of DC-DC converter plays vital role
in renewable generation systems like Solar power, Wind energy and
other renewables. And it is required to have higher power quality
and higher conversion efficiencies for this the use of power elec-
tronic converters is made mandate. Among all DC-DC converter
configurations the Z-source converter is attaining major interest and
has extraordinary components to meet higher voltage (both buck
and boost) contrasted and the customary inverters [1]. It is x-mod-
eled impedance or a lattice network arrangement called Z-source
impedance network which couples the converter fundamental cir-
cuit to power source [14]. This network can be designed by the Fang
Zheng Peng. The two traditional converters are voltage source in-
verters and current source inverter [20]. The Z-source converter uti-
lizes an exceptional impedance system to couple converter funda-
mental circuit to power source, where a capacitor, inductor are used
[6], separately. The Z-source converter (ZSC) uses passive compo-
nents that can both buck, boost the input voltage. Converter main
circuit is coupled to the power source by using passive components
L and C to give the boosting of input voltage, which is not obtained
in the conventional inverters [3]. By using the shoot through state
which is present in Z source converter avoids the usage of the dead
time which is used in conventional inverters to eliminate the risk of
short circuit [8].

This network will perform better over the conventional converters
such as VSl and CSI. The Z-source can be connected to all possible
converter topologies. These converters and utilize an impedance or-
ganize, coupled between power source and converter circuit, to give
both voltage buck operation and boost operation properties, which
can't be accomplished with ordinary voltage source, current source
converter. A two-port arrange that comprises of split-inductor, ca-
pacitors that are associated fit as a fiddle is utilized to give an im-
pedance source (Z-source) coupling the inverter to dc source or bat-
tery.

The 3Z-network is shown in Fig 1 in which three dynamic Z-sys-
tems are joined. It is unique from the Z-source systems, which typ-
ically comprise of uninvolved components. In this 3Z-source con-
verter, Z-arrangement 1 works as the main boost part, comprising
of inductors L1, L2 and diodes D1, D2, and D3; Z-arrangement 2 is
switch part, capacitor C1, and diodes D4 and D5; the second boost
part is by Z-organize 3, comprises of L3, L4 and diodes D6, D7,
and D8. A unique factor of the 3Z converter is only switched utiliz-

ing.
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Fig. 1: 3 Z - Source Converter.

The 3Z-network converter can work both in CCM, DCM. Based on
currents of the capacitors and diodes, six operational cases, includes
two CCMs and four DCMs.

a) CCM mode
For straight forwardness, it is expected that

1) All the elements are ideal,

2) The free-wheeling diode of switch is disregarded,

3) Ll1=L2andL3=L4.
In intermittent states (turn on, turn off) of switch Q, inductor stores
and discharges energy, their currents increases and decreases. At
that point, there relate a few cases to the present conditions of in-
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ductors as current deceases and goes on to zero, is called the dis-
continuous current instance of inductors. Subsequently, the induc-
tors can have constant or irregular current under some combinations
of inductances, load, on period. The 3Z converter in CCM or DCM,
at that point compare the six modes, i.e., six direct comparable cir-
cuits, separately explained.

In that, VL1, V2, Vi3, and V14 are voltages of L1, L2, L3, and L4
respectively, the clockwise as positive direction of reference cur-
rents, path shown in Fig 2 positive direction of the inductor refer-
ence voltages, the point by point conditions of the segments in cir-
cuits are shown in Table 1. Here, the 3Z converter execution in
CCMs is explained in detail, i.e.,

Case 1: Mode 1 — Mode 2;

Case 2: Mode 1— Mode 2— Mode 3.

Table 1: Operating Modes
ode Mode Mode Mode
2 3 4
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1 0
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Case 1:

In this case there are two types of operations based on pulses or
depends on duty cycle. Those are Model and Mode 2. As shown in
Fig 2 and Fig 3 respectively. Modes 1 and Mode 2, circuits opera-
tion of switch Q, to as the starts one period, t1 as the mode progress
moment from Mode 1 to Mode 2, and t2 = T end of period. To de-
scribe the operation of converter in Case 1, key waveforms of 3Z
converter in consistent state are shown in Fig 3, where two modes
are shown in one period.

o

O >0

Fig. 2: Model Operation.

1) Mode 1—t € [t0, t1]: Q turns on, diodes D1, D3, and D4 are
positive voltages and turn on simultaneously; then, D2 turns
off due to negative voltage, L1, L2 are in parallel, after that
reduce with D4, Q, and Vs to loopl. The source voltage Vs
releases energy to L1 and L2, iL1, iL2 increases, and L1, L2
store energy, waveforms of iD1, iD3, iL1, and iL2 are shown
in Fig 3(2), where iD1 =iD3 =iL1 =iL2, and iD4, is current
of D4, continues iL1 + iL2, iD4 = iL1 + iL2 = 2iL1. These
relations are given in equation (1)

iD1=iD3=iL1=iL2

iD2=0 @)
ip4 = ip1 + ip3 = 2iL1

Vi1 =Vs

Vi2=Vs

Where VL1, V12 are the voltages of L1, L2, respectively.

In turn D5 and D7 have negative voltages and turn off, then D6 and
D8 continue through positive voltages and turn on. L3 and L4 are
parallel and after that reduce with Q and C1 to form loop 2. C1
releases energy to L3 and L4, and iLs and iLs increases. Hence, L3
and L4 stores energy. The waveforms of ips, ips, iLs, and iL4 are
shown in Fig 4(3), and waveform of ic1 is shown in Fig 4(4), where
ips = ips = iL3 = iL4, and ic1 = —2ivs, respectively, and as given in
equation (2).

ipe = ipg = iL3 = L4

ips =0

iC1=-2iL3 @)
VL3 =VC1

VL4 =VC1

Where i3, iL4, Vi3, VL4, and Ve are the currents of L3, L4, and
voltages of L3, L4, and C1, respectively. D9 has negative voltage
and turns off, then capacitor C2 and load R are connected to form
loop 3, C2 releases energy to R, output voltage of converter is Vo

VO =VC2 (3)
Where Vc is voltage of capacitor C2.

2) Mode 2—t € [t1, tz]: At t1, Q turns off, mode changes from
Mode 1 to Mode 2, as shown in Fig. 3, Q is off, D1, D3, D4,
D6, and D8 goes negative voltage, turns off, then D2, D5, D7,
and D9 turn on and then forms three loops in this mode. Loop
1is Vs-L1-D2-1L2-D5-C1, where Vs, L1, L2 release energy
to C1, Vs = Vi1 + V2 + V¢, and Ly, iL2 decreases as shown
in Fig 4(2), currents of D2, D5 are equivalent to iL1, and iC1
increases as shown in Fig 4(4).

Fig. 3: Mode2 Operation.
ip2 = ips=iL1=iL2
ip1=ip3=ipa=0 4
Vu+Ve=Vs—Va
Vs, L1, D2, L2, D5, L3, D7, L4, D9, and C2 forms loop, where Vs,
L1, L2, L3, and L4 release the energy to C2 and R, Vs = Vi1 + V12
+ Vs + Vs + Ve, and ic2 decreases because of the release energy
to the load R, iL3 and iL4 decreases as shown in Fig 4(3), and the
currents of D7 and D9 are equivalent to iLs.
ip7 = ipg=iL3 = iL4
ips=ipg=0 (5)

Viz+Vw=Vs— (Vi +Vi2 + Veo). (6)
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Fig. 4: Casel, Model and Mode2 Key Waveforms of CCM.

Fig 4(1) shows determined voltage of switch Q; Fig 4(2) represents
waveform of iL1 (iL2), two sections of waveform of iD1 = (iD3)
and waveforms of iD2 = (iD5); Fig 4(3) waveform of iL3 (iL4),
which is additionally made out of two sections of iD6 = (iD8) and
the iD7 = (iD9); and Fig 4(4) shows waveforms of iC1. In that, iL1,
iL2,iL3, iL4,iD1,iD2,iD3, iD5, iD6, iD7, iD8, iD9, iC1, and iC2
are the currents of L1, L2, L3, L4, D1, D2, D3, D5, D6, D7, D8,
D9, C1, and C2, respectively.
b) Case 2:

In this case there are two types of operations based on their pulses
or depends on the duty cycle. Those are Mode 1, Mode 2, and Mode
3. Cases 1 and 2 are both CCMs. There are three modes in Case 2
due to capacitor current iCy, i.e., Modes 1, 2, and 3, whose identical
circuits shown in Fig 2, Fig 3, Fig 4. Signify to start of one period;
t1 as mode transition moment from Mode 1 to Mode 2, i.e.,t1=to +
DT; t2 as mode transition moment from Mode 2 to Mode 3, t3 =T,
at end of period. Operation procedure of converter, key waveforms
of 3Z converter in Case 2 are shown in Fig 6.

Fig. 5: Mode3 Operation.

Three modes are explained in one period. The operation procedure
of the 3Z converter in a switch period is explained in the key wave-
forms as shown in Fig 6.

1) Mode 1—t € [to, t1]: The process is same as Mode 1 in Case
1. As shown in Fig 3.

2) Mode 2—t € [ty, t2]: The process is same as Mode 2 in Case
1 apart from ici1. ic1 reduces as shown in Fig 6(4), which is
not same as increment of ica in Fig 4(4), that energy in induc-
tors are insufficient to charge load.

3) Mode 3—t € [to, t3]: At t2, ic1, and icz reducing to 0, at that
point Mode 3 starts, shown in Fig 5, waveforms are shown in
Fig 6, where Q, D1, D3, D4, D6, D7, D8, and D9 are off, and
D2, D5 are on, forms two loops.

Loop 1 is same as loop 1 in case 1. In loop 2, ic1 decreases from 0
to negative, which implies that Vs, L1, and L2 as well as C1 charge
energy to circuit, and they satisfy conditions from Case 1.
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Fig. 6: Case2, Mode 1, Mode 2 and Mode 3 Key Waveforms in CCM Mode.

Here, the parameters of 3Z converter will be discussed and indi-
cated by investigations above on operation of 3Z converter both in
CCM. Parameters of converter are to be evaluated voltages and
their currents of segments in circuit. The output voltage Vo will be
considered as follows.

I. Output Voltage and Voltage Stress of Components:

As per discussion of Cases 1 and 2, output voltage Vo is derived as.
As far as voltage second constant theory,

DT T
_I' (Vi +Vip)dt + J’ (Vi +V,)dt=0
0 DT

0]
Substituting (1)—(5) into (7) gives (8)
Vo =Ve, =V, (lJr D)
1-D
Ver =V, (ﬂj
1-D (8)
T Ve Vit | (Vs #, )t =0 )
2V,DT +(V, -V, )1-D)T =0
2;,DT +(Ve, V)L~ D)T =0 (10)

From (8), the voltage of diodes is calculated above, output voltage
Vop as,

el

Where VD is voltage of the diodes. As per (9), connections of duty
cycle D and voltage gain M = VVo/Vs in boost converters, 3Z con-
verter can achieve a higher voltage gain than conventional boost
converter, as (9) and (10), voltages of L1, L2, L3, and L4 can be as
Vi1, Viz, Vi, and Vs respectively, when Q is on and off, sepa-
rately.

(X))

(12)
If Q is on otherwise

v, 1+D
1-D

7VS[D(1+ D)]

1-D

Vis =V, =

(13)
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2. Current components l1_Lp_ VDT _V.D@-D)'T
X, %i, X, %i,(1+D)
By considering as lossless circuit then Vs. lin = Vo- lo, where lnand 13- 14— 51_* D)DT _V, (l+(]D?DT
lo are input, output currents, respectively, it gives the (14), Then lin X %ii; (1-D) X %, (22)

can be written as (14)

DT T
[ 2idt+ [ it
—0

[ %:(1+D)Iu (14)
I — 1o [@]
Substituting 4.15 into 4.14, then
o [ (1+D) J
in =i, =1, 2
(1-D) (16)

Thus, IL3 and IL4 can be given as

SN .

As per (1), (2), (4), (5), and Fig 4 input currents of diodes are given
as

(1-p)
lp, =2DI, = Io[zD(1+ ?)]
(-0
D
lpg=lpe =Dl =1| 7—=
[(H’J (18)

a) Inductors Parameters:

The parameter of inductor is evaluated based on current and induct-
ance, gives XL% (XL is pre assigned), output voltage Vo, output
current lo, and for exchanging period T.

1) Determination of Rated Current: The evaluated currents of
inductors are given from 4.16 and 4.17.

2) Determination of Rated Inductance: The ripples of inductors
will have impact on the converter; therefore, inductance must
be considered.

The inductors in converter have differential condition,

vV, dt,
di, (19)

L=

where VL is voltage of inductor as Q is on, dtL = DT is time of Q
as it is on, and diL is inductor i.e., dtL.
Signify that IL by diL. diL is considered, XL% as

di, = X, %i, 20)
Substituting (20) into (19) gives inductance of L, i.e

_ ity
X L %iL (21)

Substituting voltage of inductors in (12), (13), in addition (16) and
(17) into (21)

The inductance can be calculated 0 <D < 1, for different values.

b) Parameters of Capacitors

The parameter of inductor, capacitor is to evaluated voltage and ca-
pacitance, given an allowed change, XC% (XC is pre assigned),
output voltage Vo, output current lo, for exchanging period T.

1) Determination of Rated Voltage: The evaluated voltages of
capacitors are solved as (9) and (10).

2) Determination of Rated Capacitance: The ripples of capaci-
tors of converter, allowed can be varying to lan of capaci-
tance. Then capacitors in converter is composed for differen-
tial condition of capacitors, i.e.,

Table 2: Load Regulation of the 3Z Converter

R Output Input Output Input Output Effi-
Load voltage current  current power power ciency
@ ) A (A) (W) (w) (%)
175 23.2 0.28 0.13 3.36 3.016 89
200 23.2 0.25 0.11 3 2.552 85
220 23.2 0.23 0.1 2.76 2.32 84
240 23.2 0.21 0.09 2.52 2.088 82
260 23.2 0.2 0.089 2.4 2.064 84
280 23.2 0.19 0.082 2.28 1.856 83
300 23.2 0.17 0.077 2.04 1.786 80.2
320 23.2 0.165 0.072 1.98 1.624 8
340 23.2 0.15 0.068 1.92 1.577 82.1
360 23.2 0.53 0.064 1.83 1.48 81.1
380 23.2 0.146 0.061 1.75 1.415 8
400 23.2 0.14 0.058 1.68 1.345 8

3. Comparison between 3z converter and boost
converter

Output power is calculated and tabulated for different load values
of 3Z network boost converter as shown in Table 2. The output
power is calculated and tabulated for the different load values of
conventional boost converter as shown in Table 3. Fig 7 shows the
graphical comparison of conventional boost and 3Z boost con-
verter.

Table 3: Load Regulation of the Conventional Boost Converter

R Output Input Output Input Output Effi-
Load voltage current  current power power ciency
Q@ (v) A) (A) W) (w) (%)
175 116 6.6 0.66 79.2 76.56 96.6
200 116.4 6 0.58 72 67.28 93
220 116.4 6.1 0.52 73.2 60.32 82.4
240 116.4 5.4 0.48 64.8 55.68 85.9
260 116.4 5 0.45 60 52.2 87
280 116.4 4.7 0.42 56.4 48.72 86.3
300 116.4 4.6 0.389 55.4 45.124 81.7
320 116.4 4.5 0.365 54 42.34 78.4
340 116.4 4.1 0.334 49.2 38.74 78.7
360 116.4 4 0.32 48 37.12 77
380 116.4 4 0.306 48 35.49 73.9
400 116.4 3.8 0.29 45.6 33.64 73.7
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Fig. 7: Load vs Efficiency Graph for Conventional Boost Converter and 3Z
Converter.

4. Simulation analysis

A 3Z Boost converter shown in Fig 1 is simulated with the design
specifications of, power rating of 80W, 50% and 20% duty cycle,
switching frequency

Fs =10 kHz, L1=L2=100pH, L3=L4=200uH, C1=220pF,
C2=470uF and with a full load of RL=175Q.

Fig 8 shows the supply voltage of 12V to the 3Z boost converter.
The pulse pattern for the switch given in CCM is maintained at a
duty ratio of 50% and as shown in Fig 9. And Fig 10 shows the
input current of a 3Z converter during CCM, the input current at-
tains a steady state average value of 9A at 0.15 sec. The input cur-
rent ripple of the converter is as shown in Fig 11, the ripple current
varies between 6A to 12A and maintains an average value of 9A.
The frequency of one cycle of input current ripple is equal to the
switching frequency.

W | | | I
o oo o (13 02 0.5 03 0¥ o8 048 08
Timalear)

Fig. 8: Input VVoltage of 3Z Converter in CCM.
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Fig. 9: Pulse Pattern of Switch Q of 3Z Converter in CCM.
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Fig. 10: Input Current of 3Z Converter in CCM.

Fig 12 shows the current flowing through inductor L1 of a 3Z con-
verter during CCM. The inductor current attains a steady state av-
erage value of 10A at 0.15 sec. The L1 inductor current ripple of
the converter is as shown in Fig 13, the ripple current varies be-
tween 5.6A to 6.1A and maintains an average value of 5.8A. The
frequency of one cycle of L1 inductor current ripple is equal to the
switching frequency.

Tirefsec)

Fig. 12: Current through Inductor L1 of 3Z Converter in CCM.
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Fig. 13: Ripple in Inductor Current L1 of 3Z Converter in CCM.

Fig 14 shows the current flowing through inductor L3 of a 3Z con-
verter during CCM. The inductor current attains a steady state av-
erage value of 3A at 0.15 sec. The L3 inductor current ripple of the
converter is as shown in Fig 15, the ripple current varies between
1.2A to 2.2A and maintains an average value of 1.7A.

The frequency of one cycle of L3 inductor current ripple is equal to
the switching frequency.

1 | 1 1
0 nos n 143 0z 0% 03 0% LK} 04 13
Treefee)

Fig. 14: Current through Inductor L3 of 3Z Converter in CCM.

Fig. 15 Ripple in inductor current L3 of 3Z converter in CCM

Fig 16 shows the current flowing through capacitor C1 of a 3Z con-
verter during CCM. The capacitor current attains a steady state av-
erage value of 3A at 0.15 sec. The C1 capacitor current ripple of the



International Journal of Engineering & Technology

357

converter is as shown in Fig 17, the ripple current varies between -
4.5A and maintains an average value of 0. The frequency of one
cycle of C1 capacitor current ripple is equal to the switching fre-
quency.

1 1 | 1 1 1 1
04673 04673 04673 04673 04673 04571 46T 04674 [ [ [0
Tansac)

Fig. 17: Ripple in Capacitor Current C1 of 3Z Converter in CCM.

Fig 18 shows the output voltage of a 3Z converter during CCM and
the output voltage attains a steady state average value of 116V at
0.15 sec. The output voltage ripple of the converter is as shown in
Fig 19, the ripple voltage varies between 116.36V to 116.37V and
maintains an average value of 116.366V. The frequency of one cy-
cle of input current ripple is equal to the switching frequency.

= T T T

Fig. 18: Output Voltage of 3Z Converter in CCM.

Fig. 19: Ripple in Output Voltage of 3Z Converter in CCM.

The performance of the 3Z-source boost converter is verified in the
CCM mode by using Matlab/Simulink. The results of the 3Z-source
converter are shown from Fig 8-19. It is observed that the frequency
of each cycle is equal to switching frequency. At full load, the effi-
ciency of the converter is 96%, and for the different loads the con-
verter is simulated and the efficiency of the converter at different
loads are tabulated, as shown in the Table 3.

5. Closed loop control of 3z network dc-dc con-
verter

To simplify the use of consistent time, detailed analysis on P-I-D
controllers is required. In initial state of the repetition, it was ex-
pected to exhibit how the P, P-1, P-I-D controllers. In addition,
methods to tune P-1-D controllers were presented. It is intended to
demonstrate s how hard it could get to appropriately tune a P-1-D
controller. Furthermore, it is projected to indicate how P, P-D, P-I,
and P-I-D controllers influence the transient reaction of the shut
loop framework. Demonstrate how to boost up a component can
however lose the other. Thirdly, it was expected to indicate how one
should assess flow of ceaseless time plant and utilize legitimate test-
ing time for discrete time P-1-D controller.

Znetwork 3

Znetwork 1

Znetwork 2

D5 L3
K oe o ::J:De o+
.

comparator
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Fig. 20: PI Controller of 3Z Network.
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Fig. 21: Pulse Pattern of Switch Q of 3Z Converter Using PI Controller.

The schematic diagram of a 3Z converter in closed loop control is
shown in Fig 20, since PI controller is having more advanced when
compare to other controller PI controller is used in controlling the
converter. The parameters used in section Il are used for simulating
the converter in closed loop. The constants of the Pl controller,
Kp=0.06 and Ki=10 are considered based on the trial and error pro-
cesses. This value of converter with a supply voltage of 12V and
steady state output of converter is 320V at 0.15 sec.

Fig 22 shows the output voltage of a 3Z converter using PI control-
ler, it reaches a finite value at 320V at 0.15 sec. The harmonic spec-
tra ripple waveform is shown Fig 23, the ripple voltage varies be-
tween 316 to 326V and maintains mean of 320V. The frequency of
one cycle of input current ripple is equal to the switching frequency.

L | L | 1
[ [ 015 0z (3 03 0% o [ 04
Time(ses)

Fig. 22: Output Voltage of 3Z Converter Using Pl Controller.



358

International Journal of Engineering & Technology

& [T - L& 1& & & & & L& L&

Fig. 23: Ripple in Output Voltage of 3Z Converter Using PI Controller.

The schematic diagram of a 3Z converter in closed loop control us-
ing fuzzy is shown in Fig 24, since artificial intelligence technique
is having more advantages when compared to the analog technique
controller, therefore a 3Z network with fuzzy controller is used. The
parameters used in section Il are used for simulating the converter
in closed loop. The value of converter with a supply voltage of 12V
and steady state output of converter is 320V at 0.13 sec.

Znetwork 3

Znetwork 1 Znetwork 2
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.
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.
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Fig. 24: Fuzzy Controller of 3Z Network.

puise

comparator

Fig. 25 shows the waveform for voltage across the load for 3Z con-
verter using fuzzy controller, it reaches finite value of 320V at 0.13
sec. The harmonic content of the waveform is represented in Fig
26; it ranges in between the values of 315.303 to 315.316V settles
to 315.303V.

| | | | 1
o [l o 018 02 0% 03 0% 04 045 08
Tireisech

Fig. 25: Output Voltage of 3Z Converter with Fuzzy Controller.
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Fig.26: 16 Ripple in Output VVoltage of 3Z Converter with Fuzzy Controller.

6. Conclusion

The 3Z network DC-DC converter for boost operation, it includes
three z networks interconnected in series, in which only one switch
is utilized. It provides a high voltage gain where required for most
industrial applications. The 3Z converter is analyzed in continuous
current mode (CCM). Detailed design aspects were studied and im-
plemented for the effectiveness of the 3Z-network DC-DC Con-
verter. A feedback system is implemented for the converter with
proportional and integral controllers for steady state analysis. With
the advantages in intelligent control techniques a rule based system
is introduced to improve the performance of the converter under
distinct modes of operations. The 3Z network converter with closed
loop control systems is modeled using MATLAB/Simulink. The
simulations obtained validate the improved performance of the con-
verter circuit.
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