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ABSTRACT

Implanted hybrid three quasi Z source inverter has been designed to achieve high voltage gain for a single-stage power conversion system. The net
input voltage applied to the converter is the sum of the voltages of four independent sources to which the converter is configured. It is a fact that the
power from renewable energy sources will not be constant and varies. So there is uncertainty in the uniform availability of energy from renewable energy
sources and the resulting voltage variations in any of the four sources affects net input voltage of the converter. A dual-loop control method has been
developed to control the dc-link voltage across the converter to attain a constant ac output voltage across load terminals and meet load requirements.
The controller maintains the stable operation of the converter in the absence of any of the four voltage sources. Simulation results using MATLAB
software are presented for the validation of the proposed work under the conditions of input voltage variations as well as a sudden change of loads.
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Introduction

Power converters are utilized to extract the maximum power from renewable energy sourc-
es (RES). In general, the voltage magnitude at the renewable energy extraction system is at a
lower value. So power converters with high voltage gain are required to extract energy from
renewable sources. Conventional voltage source and current source converters need secondary
power conversion circuits to either reduce or boost the input voltage. These conventional con-
verters have operational limitations and can be overcome by the impedance source converters
(ISC). The first ISC is known as Z source converter (ZSC) [1]. The problems encountered in ZSC are
solved in a quasi-Z source converter (QZSC) [2] and it has ZSC features. Now many configurations
of ISC are developed to enhance the converter voltage gain and are reviewed in [3].

Magnetically coupled ISC (MCISC) are discussed in [4] which provide high voltage gains by
changing the turns ratio value of the coupled coils and shoot-through duty ratio (D) value. In
MCISC, higher voltage gains are achieved at higher modulation index (m) by varying turns ra-
tio of the coils rather than D, Converters [4] are designed with a lesser number of circuit ele-
ments to get increase in voltage gain. Apart from these advantages, MCISC experiences startling
voltage spikes [5] at dc-link terminals due to magnetic leakage. MCISC need clamping circuits
[6] to reduce the voltage spikes. The addition of the clamping circuits increases the number of
components in converter configuration. The review of pulse width modulation (PWM) methods
[71 designed for ISC is discussed. Most researchers use the simple boost control method (SBC)
method, as its implementation is very easy. The applications of ZSC in motor drive applications
are illustrated in [8]. The application of ZSC for reactive power compensation [9] was explained.

Steady ac voltage across the connected load or for grid-connected applications is needed to
regulate the dc-link voltage of the converter. As the dc-link voltage varies from zero to a peak
value, the capacitor voltage is considered as a feedback voltage, both of them are expressed
in terms of D. Controlling the dc-link voltage with improved transient response [10] was dis-
cussed, but the effect of inductor current ripples are not considered. The inductor current
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ripples are controlled in the inner loop and dc-link voltage is
controlled in the outer loop [11] with the implementation of
dual-loop digital control.

Hybrid three quasi Z source dc-dc converter provides higher
voltage gain [12]. Z source half-bridge inverter [13] has been de-
signed to reduce voltage stress on capacitors and the cascade
connection with the inverter was presented to get the higher
voltage gain. An embedded ZSC [14] is formed by placing the
half dc voltage at the inductors helps to draw smoother current
at a voltage gain equals to the voltage gain in ZSC. Further, var-
ious topologies are designed to address the various network
problems [15-20], resulting in improving the voltage gain of the
ISC. Still, research is continuing toward the development of high
gain and efficient topologies. The ISC working at low power fac-
tor loads or lower inductance value in the impedance network
of the converter causes higher current ripples, as the converter
might be working in discontinuous conduction mode [21].

Implanted hybrid three quasi Z source Inverter (ImHTQZSI) [15] is
developed by using hybrid three quasi Z source dc-dc converter
[12] by connecting four individual voltage sources in series with
the inductors in impedance circuit. Although MCISC provides
higher gain, it faces the voltage spikes at dc-link terminals. So
clamping circuits are required to reduce voltage spikes in MCISC
and it makes the circuit very complex. Hence, ImHTQZSI has
been considered as it provides higher voltage gain compared
with existing non-coupled coil ISC. This paper illustrates the
configuration of ImHTQZSI and operating modes in Section 2.
Input voltage disturbances due to uncertainties in the renew-
able energy sources are controlled by using a dual-loop control
method on the dc-side of the converter is explained in Section 3.
The performance of the converter with simulation results in the
proposed control method is discussed in Section 4.

Configuration and Working of Proposed Inverter

QZSC with two configurations of the [2] are used to develop the
present converter is shown in Figure 1. Here V, V, V, and V, are
the dc voltage sources extracted from either renewable energy
sources or direct dc sources. The network having components
L,C,D,L, and C, represent the discontinuous current mode
(DCM) operation of [2]. Similarly, the network formed with L,
C, D, L, and C,is another DCM [2]. The final appearance of the
converter with C, C, and diode D, is visualized as continuous
current QZSC [2]. As a whole, the present QZSC has three con-
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figurations. A dc voltage source in series with the inductor is
connected to get continuous input current from the sources.
It can work in two modes; in one mode it works as normal in-
verter at both active and zero states known as the non-shoot-
through state and in the second mode an extra zero state is
added known as shoot-through zero state.

Mode-1— Shoot-through zero state

The equivalent circuit of Figure 1 in shoot-through zero state
operation is shown in Figure 2. In this mode all diodes are in
off state and the converter terminals are short-circuited during
the interval of T in a switching period of T. Converter terminals
are short-circuited with turning on all switching devices at any
of the leg or all legs or combination of legs. In mode-1, the in-
ductors are energized by the capacitors leading to increase in
current passing through inductors.

The voltage across the inductors in mode-1 is expressed in
equations (1)-(4). Here V,, V,,, v, and V, are voltage across the
Ve, Vey Ve, Vi and V, are

respective inductors. Similarly V_,
voltage across the respective capacitors.

V, =V, +V.,+V,, M
V,=V,+V.+V,, )
V=V, Vo + Ve 3)
V=V, AV Vs (4)

Mode-2— non-shoot-through state

In non-shoot-through state all the diodes are on state and con-
verter terminals are connected to load. They are represented
with an equivalent current source shown in Figure 3 at a termi-
nal voltage of V,, during the interval of T _in a switching peri-
od of T.In this mode switching will happen as in convention-
al voltage source converter. The voltage across the inductors
in mode-2 is expressed in equations (5)-(8). V,, is the voltage
across the dc-link terminals of the converter.

Vi=V-Ve, (%)
Vi,=V,-Ve, ©6)

Figure 1. Implanted Hybrid Three Quasi Z source Inverter

Figure 2. Mode-1 representation of ImHTQZSI
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Figure 3. Mode-2 representation of ImHTQZSI

Vis=V5-Ves )

Viem=Vi-Ves (8)

VesTVeu=Vik )

The shoot-through duty ratio of the converter is represented as
L

D= B (10)

According to volt-second balance principle across the inductor,
the individual capacitor and dc-link voltages are expressed in
equations (11) - (17)

1-D D D
V=120 " 2p " T (1)
D 1-D D
Vo=V +——V+——V,
@ 2D ' 12D 7 12D (12)
1-2D 2D
Vog=——(V, 1V, )+——(V; 1V,
e 1-4D( s ’)+1-4D( V) (13)
2D 1-2D
= =,
Ve= g WV o (47.) (14)
_I-D D D
Y™ 120" T 1an " (15)
D 1-D D
Y« =122p" 120" 1o (]6)
‘
P4 (17)

=]
Vi=

(1-4D)

Equation (17) indicates the relation between dc-link voltage
of the converter and four dc voltage sources. The net input dc
voltage applied to the converter is the sum of the voltages of
four individual dc sources as seen in equation (18).

I/LK =B I/vdc

4

V:JE=IZ]‘,K (18)
1

B—m (19)

where B denotes the voltage boost factor.

The value of inductances L,-L, are considered according to
equation (20)

i .,DT

L, -
Yol

i=1,2,3,and 4 (20)

Where %i , is the percentage of ripple allowed in the corre-
sponding inductor current.

The value of capacitances C,-C, is considered according to
equation (21)
io,DT

G= i=1,2,3,4,5,and 6 (21)

0VC.1
Where i is current through the i capacitor and %v,, is the
percentage of ripple allowed in the corresponding capacitor
voltage.

Dual-Loop Control of ImHTQZSI

The family of ISC is designed to provide a high voltage gain in
a single-stage conversion system. In this circuit, shoot-through
zero state is inserted in place of conventional zero states to get
boost voltages at dc-link. Three basic PWM methods, namely,
SBC [2, 7], maximum boost control, and maximum constant
boost control methods are used to get a peak output ac volt-
age from a boosted dc-link voltage. This paper uses SBC meth-
od to show the ImMHTQZSI performance.

The relation between m and D in SBC control is

D+m=1 (22)

Output peak ac voltage can be represented as

V, —m (23)
2

The disturbances on input energy sources cause fluctuations
in dc voltage across the converter terminals, which in turn vary
the output ac voltage. To get a steady output ac voltage, the
designer needs to control dc-link voltage by controlling ‘D’ on
dc-side and load disturbances on ac-side by controlling ‘m’.

Dc-side control

Dc-link voltage V,, is maintained on dc-side to make the convert-
erto provide required v_, according to equation (23). V,, depends
on D.V,, is varying from zero to a peak value just like a pulse sig-
nal. V,, is zero in STS and has a finite value in nSTS state. One Pl
controller is enough to control V,,, by sensing the peak value of
the dc-link voltage. For that, an extra sensing circuit is required.
To avoid more or additional sensing circuit, capacitor voltage
V, is considered to control V,,, as V,, and capacitor voltages are
functions of D. One more PI controller is considered to control
inductor current ripples and the bandwidth of the overall con-
troller is increased [10, 11]. Hence two Pl controllers required. V_,
is considered as a feedback element instead of V,,, and it means
indirect controlling of dc-link voltage as shown in Figure 4. Apart

B
- g

Vi -k
network Switching
Network
JV” Iy ,‘
V(t3Rcf+ . B NE a9
<Y —’ | SBC |¢—{zpe
ILiRer D m

Figure 4. Dual Loop Control of of ImHTQZSI
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from controlling V,,, inductor current ripples are also regulated
with the inner current loop. The outcome of the dc-side control
is D. Outer voltage loop provides reference inductor current (/)
given in equation (24) where S is the load in volt-amperes.
_s
Lref 4
2V
i=1

Ac-side control

1,

(24)

Load currents i, are considered as a feedback signal to gener-
ate modulating signals. The load current and its reference cur-
rents are transformed into dg components and are supplied to
Pl control. The output of PI control is then converted into abc
components to provide modulating signals as shown in Figure
4. With the interaction of m and D values in the SBC method,
the converter operates at a steady operating point. D and m are
interrelated, as seen from equation (22). Disturbances on the
dc-side of the converter influence ac-side performance of the
converter as well as disturbances on the ac-side are also affect
dc-side performance.

The reference peak ac current (

N/
NE Vicosp

ipeak) given in equation (25)

Lpeak—

(25)

Here V, is the line voltage and cosg is the load power factor.

Table 1. System parameters

Parameter Value

Inductance 2mH

Capacitance 470 uf

Internal Resistance of Inductor 01Q

Internal Resistance of Capacitor 0.10Q

Switching Frequency 10 kHz

Output Voltage 70.7 V(ph)

Load 250-375 VA, 0.8 pf lag

The voltage stress across the switching devices are expressed
in equation (26)

Vor=Vos =Vps =V =V =+ (26)

Here V,, is the voltage stress across the switches in the inverter

The current stress across the switching devices are expressed
in equation (27)

Iin
1-D
Simulation Results

Ip/=ipy =lIp; = (27)

The performance of the proposed converter with the dual-loop
control method has to be tested and is carried out with MAT-
LAB/simulink. The system parameters are listed in Table 1. Here
step change in applied input voltage and load volt-ampere are
considered disturbances for the validation of the controller

>0 ‘ , ‘ ‘ ‘
g 150 \W
>~ 100 . , : : ! ]
= 250

o
= 0
g 10
‘_‘: 0 's 1
2 400f ' :
> |
“ 200t I 5 I I i

2
=S 2.5 i , ‘ ! .

0 0.50 1 1.50 2 2. 3
Time(sec)

Figure 5. Steady state response of ImHTQZSI to step change in dc
voltage and load VA

Table 2. Variation of converter parameters with input voltage and load changes

v, 2 2 v, v, v v, D G s i
25 25 25 25 116.7 116.7 2333 0.143 2 250 167
25 0 25 25 1085 1335 2419 0.173 267 250 1.67
25 0 0 25 125 125 250 0.2 4 250 1.67
25 0 0 25 125 125 250 02 4 375 25
25 0 25 25 1085 1335 2416 0.173 267 375 25
25 25 25 25 116.7 116.7 2333 0.143 2 375 25

V,V, V. and V, are the input side dc source voltages in volts. V. and V., are the voltage across the capacitors C,and C, in volts. V,, is the voltage across the dc- link terminals
involts. D, G and § are the shoot-through duty ratio, Converter voltage gain and load Volt-Amperes, respectively. i, is the current through the load in amperes.

4
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performance. Figure 5 shows the steady-state response of the
converter with disturbances at every 0.5 sec and the perfor-
mance details are given in Table 2.

There is no load change in ac-side of the converter for 0 to 1.5
sec when input dc voltages are reduced by 25V at every 0.5 sec.
At 1.5 sec load is increased by 50% and after at every 0.5sec dc
voltageisincreased by 25V. In all the cases, the converter meets
the load requirements with four dc sources or three dc sources
or two dc sources.
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Figure 6. Response of ImHTQZSI at 100V to 75V step change in
dc voltage
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Figure 7. Response of ImMHTQZSI at 75V to 50V step change in dc
voltage

To better analyze waveforms, they are considered as five case
studies to illustrate the transient response. / , and S are the cur-
rent through the inductor L, and load Volt-Amperes, respec-
tively.

Casei: V=25V, V,=0V, V=25V, and V=25V at 250 VA, 0.8
pf load

Out of four dc voltage sources in the converter, V, is considered
inactive in this case due to general maintenance issues or main-
tenance issues because of breakdown in the renewable energy
extraction system, makes net input voltage is at 75V (V) in
the impedance network. Step change in V,_value from 100V to
75Vis indicated in the simulation. Change in voltage on dc-side
at 0.5 sec results in immediate reduction of capacitor voltage
and increases afterward, finally reaching a particular value due
to the non-minimum phase phenomena. The dc-link voltage
changes in the transient period are observed in Figure 6.

As the V__is decreased by 25V, D is increased from 0.143 to
0.173. Hence, the ac per phase output voltage at 70.7 V is main-
tained uniformly. Correspondingly, capacitor voltage distribu-
tion in the network is also varied. Here V_, value is changed to
108.5V from 116.7Vand V,, is changed to 241.6 V from 233.3 V.
As the load on the converter is not changed, there is no change
in load current magnitude. Under step change in dc voltage
on the input side, based on equation (24), inductor current /|
jumps from 2.5 A to 3.33 A and the transient period continues
with the duration from 0.5 sec to 0.6 sec and then the converter
stays at the steady-state condition.

Caseii: V=25V, V=0V, V=0V, and V=25V at 250 VA, 0.8
pf load

A step change in voltage from 75V to 50 V has occurred due
to the inactiveness of voltage source V and meets the load
Volt-Amperes. The overall change in voltage is from 100 V to
50 V. ImHTQZSI has two dc voltage sources out of four. Two of
the dc voltage sources V, and V, are inactive which makes net
input dc voltage V, as 50V. Change in voltage on dc-side at the
instant 1 sec causes immediate changes in capacitor voltages
and the dc-link voltage, and the transient response is observed
in Figure 7. As the V,_is decreased by 25V, D has been increased
from 0.173 to 0.2 to maintain the ac per phase output voltage
at 70.7 V. Here V_, value has been changed to 125V from 108.5
Vand V,, changed to 250V from 241.6 V.

In this case, also there are no load changes on the converter as
there is no change in i ,_magnitude. Under step change in V,
I, jumps from 3.33 A to 5 A and the transient period continues
with the duration from 1 sec to almost 1.15 sec and then the
converter reaches the steady-state condition. Figure 8 shows
very low total harmonic distortion (THD) in current waveform
on load side during the interval zero sec to 1.5 sec. It is evi-
dent from the case i and case ii that the proposed converter
can reach the load requirements even when any of the input
voltage source is not available which provides flexibility in the
maintenance of the input dc voltage source mechanisms.
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Caseiii: V=25V, V,=0V,V =0V, and V,=25V at375VA, 0.8
pf load

As in the previous case, there is no change in dc input voltage
but 50% step change of load from 250 VA to 375 VA at 0.8 pf lag
occurred at 1.5 sec. It influences |  toincrease from 5 A to 7.5 A
andalso i, changesfrom 1.667 A, peak current to 2.5 A, peak val-
ue as shown in Figure 9. The load disturbance also causes tran-
sient condition on the dc-side. As the m and D are interdepen-

0.94 0.98

0.9
Time(sec)
100
THD= 0.31%

n

0 100 200 300 400 500
Frequency (Hz)

Mag (% of Fundamental)
(¥)]
S

Figure 8. Current THD at 250VA, 0.8pf lag

dent on one another, disturbances on either side are transferred
and influence performance on both sides. In this case, there is no
change in input dc voltage and hence the dc-link voltage and
capacitor voltages continue to be as in the previous case.

Caseiv:V,=25V, V,=0V, V,=25V, and V,=25V at 375 VA, 0.8
pf load

Just as in the previous case, step change in voltage from 50V to
75V is done without any change in load at 2 sec. As the voltage
ondc-side increases, |, will decrease from 7.5 A to 5 A as shown
in Figure 10, whereas in case ii voltage decreased to 50 V from
75 V. As there is change in dc voltage, the capacitor voltages
and dc-link voltage increases and then decreases and settles at
a particular value due to non-minimum phase phenomena. V,_,
changes from 125V to 108.5 V and V,, changes to 241.6 V from
250V, respectively.

Itis evident from the case iii and case iv that the proposed con-
verter can overcome the load variations when any one of the
input voltage sources is not available.

Casev: V=25V, V =25V, V=25V, and V,=25V at 375 VA,
0.8 pfload

In case i the change in dc voltage was decreased whereas in
case v it was increased at 2.5 sec, but the loads at both the
cases are different. Here all the dc sources have met the load
requirements with a change in load from 250 VA to 375 VA as
shown in Figure 11./ ,is decreased from 5 A to 3.75 A. Figure 12
shows very less THD in the current waveform on the load side
with a peak current value of 2.5 A after 2.5 sec. As dc voltage
changes, V_ and V,, are also changed from 108.5V to 116.7 V
and 241.6V to 233.3V, respectively.
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1.45 1.5 1.55 1.§rime(sec) 1.95 2 2.05 TZi;rlle(sec)
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o

g e s
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S(VA) ILI(A) Vl,K(V) VC3(V) Vd (V)
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—
[w) [e)
T ‘

S
L L

400
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Figure 9. Response of ImHTQZSI for a step change in VA from
250VA to 375VA as well as change in voltage continues

Figure 10. Response of IMHTQZSI for a step change in VA from
250VA to 375VA as well as change in voltage from 50V to 75V
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The dc-link voltage V,, has been varying from zero to a peak
value as shown in Figure 13. It has a zero value in the shoot-
through period and a peak value in the non-shoot-through pe-
riod. Figure 14 shows the voltage boost factor in comparison
with other converters. When D is in the range of 0 to 0.25, the
proposed converter provides a higher voltage gain. It has been
observed that for an incremental step change of input dc volt-
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Time(sec)
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W

Figure 11. Response of ImHTQZSI for a step change in VA from
250VA to 375VA as well as change in voltage from 75V to 100V
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Figure 12. Current THD at 375VA, 0.8pf lag

ages or an incremental change in load disturbance can cause
overshoots in capacitor and dc-link voltages. Whereas a decre-
ment step change of input dc voltages can cause undershoots
in the capacitor and dc-link voltages is observed in Figure 5. It
has been observed from all the cases, the converter has been
working well to meet load requirements with dual-loop control
method even when variations occur in source voltage and load
voltage.

Conclusion

An implanted hybrid three QZSC has been designed for utiliz-
ing its four dc voltage sources efficiently to meet load require-
ments. This converter is providing higher voltage gain when
compared to the non-coupled ISC. The net input dc voltage
applied to the converter is the sum of all voltage sources that
existed in the converter configuration. The steady-state and dy-
namic response of the converter has been illustrated with the
dual-loop control method. The converter has been providing a
constant ac voltage across the load terminals by controlling the
dc-link voltage. By controlling capacitor voltage as well as the
inductor current ripples with the dual-loop control method on
dc-side, we are able to control the dc-link voltage. The control-
ler tracks the reference current on the load side under the sud-
den change of load on the ac-side as well as the change in net
dc voltage. The controller has been providing lower THD in the
load current. The converter has been working in the absence

)
)
>

Time (sec)

Figure 13. Closed observation of dc-link voltage
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of any of the voltage sources and so it provides flexibility of
operation even when any one of the input source is not avail-
able due to maintenance, faults, or any other reason that occur
during the energy extraction mechanisms. The four dc voltages
are considered to be extracted from various renewable energy
sources.
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