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2.1 Introduction

In recent years, the concept of microgrid is emerging very fast, which requires the
interlinking between various renewable sources and catering local/residential loads at different
voltage levels. As discussed in previous chapter, multi-output DC-AC converter topologies
have been emerged as a better choice over the use of multiple DC-AC converters to cater
simultaneous AC load demands at different voltage levels. This chapter presents two single-
phase series-parallel multi-output (QSPMO) inverters with simultaneous multiple AC outputs.
The proposed inverters inherit all the advantages of quasi-Z-source (¢-ZS) based inverters and
are capable of simultaneously feed multiple single-phase AC loads at different voltage levels.
The conventional voltage source inverter can produce only stepped down voltages, whereas,
the proposed ¢-ZS based single-phase QSPMO inverters can also produce the boosted output
voltage. In this chapter, mathematical modelling and detailed operation of the proposed
QSPMO inverters with control scheme have been discussed. The steady state and dynamic

analysis are also carried out in this chapter and verified by simulation results.

2.2 Single-Phase Q-Z-Source Series-Parallel Inverters with Multi
AC Outputs

As discussed in previous chapter, the conventional methods to serve multiple load
demands have many disadvantages. To overcome these problems quasi-Z-source series-
parallel multi outputs (QSPMO) inverters are proposed here. The proposed inverters are
derived from the conventional quasi-Z-source inverter by replacing its main switch by n-
number of series and parallel connected single-phase inverters. The proposed QSPMO
inverters have two modes, parallel and series modes. The proposed parallel mode inverter gives
n-number of single-phase AC outputs with constant supply required constant voltages and

variable load currents. The series mode inverter gives n-number of AC outputs with constant
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load currents. As they are based on the quasi-Z-source network, they have inherent shoot-
through protection capability. They can also perform buck as well as boost operation, which is
not possible in case of traditional voltage source inverter (VSI). Since the proposed multi-
output inverters use only single Z-source network to produce multiple AC outputs, their size,
weight, volume and cost reduce. These inverters use sinusoidal pulse width modulation
(SPWM) and constant frequency shoot-through (CFST) technique to generate switching
signals. The proposed inverters can be used for simultaneous multiple DC-AC power
conversion for single-phase microgrid applications and residential loads. In this chapter, the
proposed topologies using closed-loop control are verified for two output units, which are

capable of supplying two single-phase AC outputs simultaneously.
2.2.1 Proposed QSPMO Inverters’ Schematics

The schematic of the proposed QSPMO inverters for multiple AC outputs are shown in
Figure 2.1. They consist of a quasi-Z-source network with n-number of series-parallel
connected single-phase inverters. The traditional quasi-Z-source network consists of two
identical inductors L and L, two identical capacitors C; and C2, one power diode D1 and n-
number of single-phase inverters connected in series and parallel. Figure 2.1(a) shows proposed
parallel mode QSPMO inverter in which n-number of inverter output units are connected in
parallel. However, in the series mode, n-number of inverter output unts are connected in series
with the quasi-Z-source network to achieve voltage boost shown in Figure 2.1(b). The output
of the QSPMO inverter is connected to the AC load through a low pass filter. The main purpose
of the Z-source network is to boost the low input voltage (Vin) to a voltage level Vpn (switch
node voltage), such that the AC output voltage of the inverters can meet or match the
requirement of AC microgrids and residential load demands. It is important to mention here

that the proposed topology is studied for two output units (n = 2).
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Figure 2.1: Schematic of the proposed (a) parallel and (b) series mode inverters with multi

AC outputs.

2.3 Operation of the Proposed QSPMO Inverter

The proposed QSPMO inverters operates in two different states to achieve boost

voltage and inversion, i.e., 1) shoot-through and 2) power state [71]-[75].
2.3.1 Shoot-Through State

Figures 2.2(a) and (b) show the circuit diagram of the proposed series-parallel QSPMO
inverters during shoot-through (ST) state. The circuits are simplified by replacing output units with

short-circuited switches in order to demonstrate the circuit behavior, and the

19



S| Sz S22 =9
S EgS
e 4 L 4 o 35
IR G 3§
> S 3 P Q8
= S | s , ~
§ G ZIV 22v § b
~ N ~N N
(@)
> I} >
; 1, +
Lui DI CI iLzl\ ? A S S, "§ :
L \ 4 \ 4 § g
: u 58
Vi (&) b1 Eé §
A S, S, =
v —‘7 "y i 4 S S
~
l [ V;,,,
S21 S22 '§ :
\ 4 4 § S
> S &
a2 S
b2 % §
S S50 =
y y S b
v ~N N
(b)
S
| N + : +
L1 D ch c1 .lp,, A
Vi L, 1 4+ Vi, P
+ — /N . \ 4 .
+ VDI + lCZ LZ I/pn lpn
Ve ==
[/m CZ
— N\

(©)

Figure 2.2: Schematic of the proposed inverters (a) parallel, (b) series mode inverters and
(c) equivalent circuit diagram during shoot-through state.

corresponding circuit is shown in Figure 2.2 (c¢). During shoot-through state, the switches of the one
leg i.e. S; and S'; or all the legs of inverters are ON at the same time. Consequently, the switch node
voltage V;n becomes zero. The diode D, is OFF and the inductors L, and L, are charged by capacitor

C), source DC voltage Vi, and capacitor C>. The time interval for the shoot-through state is D;Ts,
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where D; is the ST duty ratio over one switching period 7.
By applying the KVL in Figure 2.2(c), the voltage across inductors L, and L; are
Vit = Vin + Va1 (2.1)
Viz = Ve (2.2)
where V;, is the input DC voltage and V., and V,, are the voltages across capacitors C; and
C>respectively.
Due to the short circuit of inverters’ bridge, the switch node voltage (Vpn) is zero.
Von=0 (2.3)
During the ST state, the diode is turned OFF. Hence, the voltage across the diode is
Vp1 =V +V,and ip; =0 (2.4)
By applying KCL in Figure 2.2(c), the capacitor and switch node currents (iy,) are
ich =11, gz =l and lpn = lp1 + i (2.5)
where V,,, and iy, are the switch node voltage and current respectively; V;; and Vi, are the
inductors voltages and i;1, i;,, icq and i., are the currents of the inductors and capacitors of

the proposed inverters.
2.3.2 Power State

This power state in the proposed QSPMO inverters are similar to the power state of the
conventional PWM in voltage source inverters, and the time interval of the power state is (1-
Ds)Ts. The circuit diagram of the proposed series-parallel inverters during power state are shown in
Figures 2.3(a) and (b). In order to explain the circuit behavior, the circuit is simplified by replacing
inverter bridges with an inverted current source (i,y,) and a potential of V,,, as shown in Figure 2.3(c).
In this state, the electromagnetic energy stored in the inductors L; and L are converted into
electrostatic energy thus, charging the capacitors C; and C; and the diode D; are turned ON

[76]-[80].
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Figure 2.3: Schematic of the proposed inverters (a) parallel, (b) series mode inverters and
(c) equivalent circuit diagram during power state.

By applying the KVL in the Figure 2.3(c), the voltages across L and L, are given as
Vi = Vin = Ve (2.6)
Vi = —Va (2.7)
where V;,, 1s DC input voltage and V; 4, V;, are the voltages across the inductors L and L.
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The switch node voltage (V,,,) across the impedance source network is
Ven = Ve1 + Ve (2.8)
where V-, and V., are the voltage across the capacitors Ci and C».
The diode voltage and currents are
Vp1 =0 (2.9)
ipr = i1+ ipp — ipn (2.7)
The discharging current of the capacitors are
lc1 =2 — ipn (2.8)
ez =111 — ipn (2.9)
Under the steady state condition, the average voltage across the inductor and average
current through the capacitor in one switching cycle is zero.
By applying flux balance principle to inductor L1,
(Vin + V1) Ds + (Vip = Vi) (1-Ds) = 0 (2.10)

Using (2.10), the expression of V.4 is derived as

Ver = a5 Vin .11)
Similarly, by applying flux balance principle on inductor L., the following is obtained
(Veg) Ds + (=Ve) (1-D5) = 0 (2.12)
Using (2.12), the expression of V., is derived as
2 =t Vi (2.13)
Using charge balance principle on capacitor C1, the following is obtained
(= i11) Ds + (ig2 — ipn) (1-Ds) = 0 (2.14)
Using (2.14), the expression of i; is derived as
=1Ds) (2.15)

l =

By using charge balance principle on capacitor C>, the following is obtained
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(= ip2) Ds + (ipg — ipn) (1-Ds) =0 (2.16)
Using (2.16), the expression of i;, is derived as

_ (1-Dy) .
L2~ (1-2p,) PN

2.17)

2.3.3 DC Boost Factor and AC Voltage Gain

From (2.8), (2.11), and (2.13), the peak switch node voltage (I7pn) at the input of the H-bridge

inverters is given as

1

Von =505 Vin =B Vin (2.18)
Using (2.18), the DC boost factor (B) is given as
Von o 1

T =B= s (2.19)

In (2.19), as Ds increases, the denominator term (1- 2D;s) decreases consequently and the boost
factor B increases in a rectangular hyperbolic manner and finally becomes infinite at Ds = 0.5.

The peak value of the fundamental component of the AC outputs is express by

1

Viac) = M 55 Vin (2.20)

Viacy=M B Vi, (2.21)
Luo _ g (2.22)
Vpn

4o — G- M B (2.23)

where M is the modulation index and G is the AC gain of the proposed QSPMO inverters.
Figure 2.4 graphically shows the interdependency of these parameters, i.e., M, Ds, Vin, Vpn, and
17( ac) and effect of variation in one parameter on others. Maximum value of D and M can be
0.5 and 1, respectively. From (2.20) as the Ds and M increase the AC gain G also increases and
at D; = 0.4 and M = 0.6. The value of G becomes 3, which is shown in Figure 2.4(c) and can

be verified by the (2.20).
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Figure 2.4: Schematic shows variation of (a) boost factor (8) w.r.t shoot-through duty cycle (D), (b)
Variation of Vac/Venx with M, (G) w.r.t. modulation index (M), (¢) AC gain (G) w.r.t. M and D; and (d)
Dy with M.

2.4 AC Power Expression of the Proposed Inverters

It is important to mention here that the hybrid PWM technique used for the proposed

single-phase series-parallel inverters has the following limit for the M and Ds.
M+ Ds<1 (2.24)

The Figure 2.4 (d) shows this expression graphically and suggests the practical
operating region. The mathematical expression of AC power for the proposed inverter
topologies for parallel and series mode inverters with two inverter modules are given in the
following subsections.
2.4.1 AC Power Expression of the Proposed Parallel Mode Inverters

In the proposed parallel mode QSPMO inverters, the input voltage for both output units
is same and equal to switch node voltage (¥pn). As the proposed inverter operates in voltage

mode control, the peak AC voltage (V5c) is equal to the reference voltage (Vrer). Thus, by
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varying the Vier, the Vac can be varied. For the same reference voltages (Vrer ) and balanced AC
loads, the peak AC voltages (Vac; and V) will be equal as switch node voltage (Vpn) for both
output units is same. The AC gain (G) is equal for both the output units and expressed by (2.23).
For the same Ve, the Vacy and Vac, would be

V(AC)lpk - V(AC)Zpk =M Vpn (2.25)

The rms AC output voltage Viac) rms Of the proposed inverters can be expressed as

V(AC) rms NG (2.26)
From (2.21) into (2.26), the following is obtained
M B Vi,
V(AC) rms NG (2.27)

The single-phase AC power output (P1-g) of both the units at the same Vier is given by

V(i‘tc)rms
=2 2.2
Pa-o) " (2.28)
MZ BZ VZ_
= — 1" 2.2
P(1-g) Rac (2.29)

Likewise, the single-phase AC power output (Pi.g) of both the units with different Vier is

2 2 2y2,
P(l_q)) — (Ml +M2 )B 14 in (230)

Rac

where M and M, are the modulation indices of output unit 1 and 2, respectively and Rac is the

AC load resistance. It is clear that single-phase power P(;_g) depends on modulation index M
and shoot-through duty D;. Since, M and B are directly proportional to P(;_g), as the M and B
increases, P(;_g) also increases and vice versa.

2.4.2 AC Power Expression of the Proposed Series Mode Inverters

In the proposed series mode inverters, the switch node voltage (Vpn) 1s equally divided
between both the units for symmetrical AC loads. The peak AC output voltages (Vac; and Vacy)

are equal for the same reference voltages (Vref) in this mode and given as
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. ~ Von
Vaoyipk = Viacyzpr = M%

The rms AC output voltage Viac) rms Of the proposed inverters can be expressed as

Putting the value V(Ac)fundamemal from (2.15) into (2.32), the following is obtained

_MBVin
V(AC) rms 22

The single-phase AC power output (P1-¢) of both the units at the same Vier is given by

_ VZ(AC)rms
Pa-0) =2 Rac
Putting the V(sc) rms from (2.33) into (2.34), the following is obtained

MZ BZ Vzm

Pa-0) = gr,0

Putting the value of boost factor from (2.14) into (2.35), the following is obtained

M? Vzin

Pa-0) = 8Rac(1-2Ds)?

From (2.36), it can be observed that P; _g) depends on both Ds and M.

2.5 Voltage and Current Stresses on the Components

2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

The voltage stresses of components of the proposed inverters during the shoot-through

(DsTs) and power state (1-Ds)Ts are shown in Table 2.1, whereas the current stresses of

components of the proposed inverters during different states are given in Table 2.2. In the case

of parallel mode, if number of output units increase then i, and iy, increase, thus, current

stresses on L1, Lo, and Dy increase. As the switch node voltage Vpn depends only on constant

Ds, the value of Vp,n remains constant and consequently there is no increase in voltage stress.

However, in series mode, as the number of output units increase, the value of V;, increases and

hence the voltage stresses on capacitors and diode increase. The current stresses remain

constant as current through them is same for all units.
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TABLE 2.1

VOLTAGE STRESS OF EACH COMPONENTS IN DIFFERENT INTERVALS

Components Shoot-through State Power State
Ly % (=Ds) Vin
(1 —2Dy) (1 -2Dy)
L % (=Ds) Vin
(1 —2Dy) (1-2Dy)
Ci _Ds) Vin_ (Dg) Vi
(1 —2Ds) (1 —2Dy)
(1 —2Dy) (1 —2Dy)
D _ Vi 0
(1—-2Dy)
I/pn (inverter switch) 0 Vl
TABLE 2.2

CURRENT STRESS OF EACH COMPONENTS IN DIFFERENT INTERVALS

Components Shoot-through State Power State
Ll Iin Iin
L, _(1 - DS) ipn (1 - DS) ipn
(1-2Dy) (1 - 2Dy)
Ci _(1 - DS) ipn (DS) ipn
(1 —2Dy) (1 —2Dy)
G _(1 - DS) ipn (DS) ip‘n
(1—-2Dy) (1-=2Dy)
D 0 pn
(1—2Dy)
ipn (inverter switch) w 0
(1 —2Dy)

2.6 Design of Passive Components

Passive components play an important role in the performance of converters. By
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charging and discharging phenomenon, they can buck and boost the input voltage. Their design

depends on many parameters like; ripple current, duty cycle, switching frequency, etc.
2.6.1 Design of Inductance L and L;

In the proposed converters, when the inductors L; and L» are charged by Vi, and the
capacitors C1 and C> during shoot-through state or when the two inductors L1 and L charge the
two capacitors Ci and C> during power state, the current ripples appear. The current ripples
should be limited to 20%. The range of the current fluctuation for an inductor is determined by
its inductance, charging/discharging period and the voltage across the inductor.

To calculate appropriate value of the inductances, the charging (storing energy) cycle
of each inductor is considered. The ripple content in inductor L; (4i;,) during the charging

period DsT's (shoot-through state) of the proposed converters using (2.1) is given as

A= (VL) DiTs (2.37)

Putting the V1= (V;, + V1) in (2.37) the following is obtained

Aiy,= (VYE;)V” x DT (2.38)

Similarly, during ST state the ripple current (4i;,) in inductor L, is given by using (2.2)

AlLZ - =< D TS (239)

Putting the V;, = V., in (2.39) the following is obtained

Ve
Aiy, = 5% % DT (2.40)

As the ripple content should be less than 20% of the inductor currents, the following relations

are obtained from (2.38) and (2.40),

Aiy = % x DTs < 0.2 iy (2.41)

Aipy =~ % DT <024 (2.42)
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The inequalities given in (2.41) and (2.42) can be further resolved to get the following

conditions for inductances L1 and L»

(Vin+ Vcl) _ (Vin+ Vcl)
Ly> 0.2fs i11 xDs= 0.2fs iin * Ds (2.43)
Ve _ Ve
L2 ~ 0.2fsiL2 XDS B 0.2fs ijn - Ds (244)

where i;,, is the input current and f; is the switching frequency of the proposed converters.
2.6.2 Design of Capacitance C1 and C;

During the power state, when the two capacitors C; and C> of the proposed converters
are charged by the DC voltage source Vi, and the inductors Li and L> or during the shoot-
through state, when they charge the two inductors along with the DC voltage source, voltage
ripples appear. The voltage ripples are limited to 5% of the capacitors voltages. The range of
the voltage fluctuation for a capacitor is determined by its value, charging/discharging period
and the charging/discharging current.

To calculate appropriate value of the capacitances, the discharging period (losing
charge) of each capacitor is considered. The ripple content in capacitors C; is given below
during the discharging period (i.e. the shoot-through state) of the proposed converters. Thus,

from the (2.5) the ripple voltage (4V¢1) in capacitor C is

ic1
= — sl s 2.45
AV ey B x DsT ( )

Putting the iy = —i;4 from (2.5) in (2.45) the following is obtained

AVe = ;C‘S x DT (2.46)

Similarly, from (2.5) during ST state the ripple voltage AV ¢ in capacitor C; is given by

AVer= EZ) x DT (2.47)

The following relationships from (2.46) and (2.47) are obtained. As the ripple content should

be less than 1% of the capacitor voltages.
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AVei = ZCL) x DiTs < 0.01Vc1 (2.48)
1

AVer= ZCL) x DiTs < 0.01V 2 (2.49)
2

The inequalities given in (2.39) and (2.40) can be further resolved to get the following

conditions for capacitances C; and C>

C1>—2 ypo=—"lin_p (2.50)

0.01fsVer  —° 0.01fsVey

—iL2 — —lin
G > 0.01fs Ve xDs 0.01fs Ve X Dy (2.51)

2.7 PWM Control Technique for the Proposed QSPMO Inverters

Figure 2.5 (a) shows the schematic of the control logic of the proposed QSPMO
inverters based on simple boost control (SBC) technique generally used in single-phase quasi-
Z-source inverter (g-ZSI) topologies [81]-[85]. For power state operation, the two sinusoidal
signal having 180° phase displacement with each other, v, and -v, (modulating signals) are
compared with the triangular wave (Vi) and the resultant is used to drive to the switch of the
output units’ bridge. The switches of the first leg a1 is operated by comparing the first
sinusoidal wave (vi») with triangular carrier resulting output is used to drive the top switch S
and the compliment signal of S is given to the bottom switch St of the leg ai of the proposed
inverters. Figure 2.5 (b) shows switching pulses of unit 1 for Ver=70 V (thus corresponding M
= 0.47) of the proposed inverters. In SBC sinusoidal PWM (SPWM), the upper and lower
constant DC voltages Vuwc) and Viwe) are compared with the high frequency triangular
waveform (Vi) to generate shoot-through control signals. Shoot-through signals are produced
for all the switches of the inverters bridges when Vi is greater than Vygc) or less than Vio).

The shoot-through signal controls the switch node voltage (¥Vpn).
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Figure 2.5: Modulation scheme for proposed single-phase multi-output inverters (a)
Implementation of Pulse width modulation logic, (b) switching pulses of inverter unit 1
with V,.er= 70 V, (c) switching pulses of inverter unit 2 with V,.,,= 50 V during parallel
mode operation.

The PWM pulses of unit 2 of the proposed inverters for different reference voltages
(Vret = 50 V) are shown in Figure 2.5(c). For different Vi, control logic is same but PWM
pulses are different as the corresponding M (0.34) is different. However, shoot-through signal
(Ds) will be always remain constant to make the switch node voltage V', constant, which is the
input voltage of both the inverter units.

As the shoot-through period increases, the modulation index (M = 1-Ds) decreases which
leads to more power loss and poor quality of sinusoidal waveform. In addition, decreasing the
modulation index (M) results in increase in filter size, which leads more weight, volume and
cost. Therefore, to cope up these problems, the shoot-through duty (Ds) should be small and

modulation index (M) should be more.
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2.8 Controller Design for the Proposed QSPMO Inverters

The inverters’ closed loop function is mandatory for keeping the proposed inverters’
output voltages at the desired levels correctly. The fundamental problem in multi-output
converters is the independent regulation of each output voltage. The outputs of the proposed
QSPMO inverters are mainly governed by (2.19) and (2.22). In addition, the duty ratio Ds and
modulation index M are governed by (2.24).

Figure 2.6. shows the control scheme for the proposed inverters. Here Vaci, Vac2 and
Vier are the peak outputs and reference voltages of inverter units 1 and 2. Vagery and Vyger) are
the AC reference voltages in dg domain. The sensed output AC voltage is converted to V, and
Vs and further converted to V4 and ¥V using park's transformation in such a way that Vg is zero
and V4 becomes a constant DC value. Further, output voltages are compared with the reference
voltages Viwery and Vyeer, and the error signal is passed through the PI controller d-q
components of modulation signal (m4 and mq). mq and mq are then converted into m, and mg and
thus provides sinusoidal modulating signal. The modulation signals are compared with the
triangular wave and two constant DC voltages, upper constant DC voltage (Vuc)) and lower
constant DC voltage (VL) and thus the PWM pulses are generated. In Figure 2.6, the

controller is shown for only one AC output Vaci. Similar to Vac1, controller of Vac> is designed.

_Sll';‘zle > Quasi Z Source Based Vici
input Series Parallel Converters [—Vicr»

J s’+S2¢S2'T To gate

| : driver
e €— Vi
"} < Vi

M
/\NWV\ a ﬂ :|<—
. PI
Traingular

wave ¢ dq Controller

Figure 2.6: Control strategy for the proposed inverters.
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2.9 Verification of the Proposed QSPMO Inverters

The proposed series-parallel topologies are verified for 240 W with two output units

using MATLAB. The proposed topologies consist of one quasi-Z-source inverter and two AC

output units. The two output units are loaded with two 20Q resistances. Figure 2.7 shows the

schematic diagram of the overall concept of the proposed inverters. Table 2.3 shows the list of

the parameters with their values. Detailed steady state and dynamic performance analysis are

done with simulation results presented in the following subsection.

Power Converter

Single phase

® ¢ZS Network

- = | ® Parallel connected inverter

® Series connected inverter

AC 7" Residential load

ACT—A_

' TTTTTT

S;1 81 82 82 |82 S0 S22 S22

Viciignay Inverse Park's
transformation

af PI
PWM dq € Controller

Triangular wave

<—(%<7 i
aff
*x

qu 0

AC,—— l S Grid

Voltage sensor, V.
conditioning circuit

Park's
transformation

Figure 2.7: Overall concept for the proposed inverters.

TABLE 2.3
LIST OF PARAMETERS WITH THEIR ATTRIBUTES

Prototype Components Specification

Parameters
Inductors
Capacitance
AC load resistance
Carrier Frequency
Fundamental Frequency

Filter inductors and Capacitors

Attributes

Li=L=1875mH

C1=280 pF, C,= 120 uF

RAC: 20 Q
fs=20kHz
50 HZ

Ly =2 mH and Cy = 10 pF

2.9.1 Verification of Parallel Mode of Proposed Inverters
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The proposed parallel mode topology is verified for 240 W with the input voltage Vi, =
60V, Ds =0.3, and Vier =70 V (AC peak) for both the output units and simulation results are
shown in Figure 2.8. Figure 2.8(a) shows he input voltage Vi, = 60 V, switch node voltage Vpn=
150 V equal to the calculated values from (2.18) and inductors current i;; and i;, = 4.2 A
which is also equal to the input current. During shoot-through state; when Vpn = 0 V, the
inductors Li and L, are charged and it discharges during power state when Vpn = 150 V.
Capacitor voltages Vc1 =45 V and V2 = 105 V and diode voltage Vp1 =-150 V are shown in
Figure 2.8(b) along with Vin. The diode voltage Vpi = -150 V during the ST state and zero

during the power state.
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Figure 2.8: Steady state simulation result during parallel mode operation of the proposed
inverters (a) input voltage (Vi) and switch node voltage (V;n) with inductors currents, (b)
capacitor voltages with Vi, and diode voltage (V'b1), (c) switch node voltages with Vi, and
Vb1, (d) phase a voltages and currents of inverter unit 1 and 2.
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Figure 2.8(c) shows Vin = 60 V, switch node voltages Vpni = Vpnz = 150 V and diode voltage
Vb1 = -150 V. Since both the output units are connected in parallel, the input voltage (Vpn) to
the both the inverter is same and equal to 150 V. Phase a voltages and currents of inverter units
1 and 2 with input voltage (Vin = 60 V) are shown in Figure 2.8(d). The peak-to-peak (pk-pk)
voltage and current magnitudes are 140 V and 7 A, when the AC load is 20 € and the reference
voltage Vier= 70 V.

Figure 2.9(a) shows input voltage Vin = 60 V, phase a voltage Va1 = Va2 = 140 V and
current ia1 = 7A (pk-pk) at Vier=70 V. It can be observed that all the voltages and currents are
in same phase as the load is resistive. Figure 2.9(b) phase a voltage, current of inverter unit 1
and phase a current of inverter unit 2. The magnitude of voltage and currents are Va1 = 140 V

and current ia1 = ix2 = 7A (pk-pk), while Vier=70 V.
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Figure 2.9: Steady state results during parallel mode operation (a) input voltage (Vi) and

phase a voltage (Va1 and V) of unit 1 and 2 with phase @ current (7.1) of unit 1, (b) phase

a voltage and currents of unit 1 and 2 with Vi, at same Vier= 70 V AC peak.
2.9.1.1 Steady State Response at Different Reference Voltages

Figure 2.10(a) shows the Vi, = 60 V, phase a voltages and current with the magnitude

of Vai=140 V, ia1 = 7A and Va= 100 V (pk-pk), for the Vier for inverter units 1 and 2 are 70 V
and 50 V (pk), respectively at Ds = 0.3. Similarly, Figure 2.10(b) shows the Vin, phase a
voltages and currents of output units 1 and 2. The rms voltage (Vims1 and Vims2) of inverter units

1 and 2 are 49.5 and 35.36 V respectively, which is less than the input voltage Vin= 60 V.
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Therefore, the proposed inverters work with a buck mode as the output rms voltage is less than
Vin=60. In Figure 2.10(b), the results are shown for Vieri =50 V and Vier1 =70 V. Figure 2.10(c)
and (d) show the buck-boost operation for Ds = 0.4, where Vier are 100 and 70 V respectively
for units 1 and 2. From Figure 2.10(c) Vims1 = 70.71 and Vims2 = 49.5 V of units 1 and 2,
respectively. It can be observed that Vims1 is more and Vims2 1s less than Vin= 60 V. Therefore,
it can be concluded that unit 1 shows boost operation mode and unit 2 shows a buck operation.

Similarly, in Figure 2.10(d) shows buck operation of unit 1 and boost operation of unit 2.
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Figure 2.10: Steady state result of the proposed inverters at different Vs (a) and (b) buck
operation of unit 1 and 2 at Veer =70 V and 50 V and vice versa, (¢) and (d) buck-boost
operation of inverter unit 1 and 2 at V.= 100 V and 70 V and vice versa.

To operate the proposed series-parallel inverters, the PWM signals of inverter unit 1 and 2 are
shown in Figure 2.11. Figure 2.11(a) shows the PWM signals for leg 1 and 2 of inverter unit 1

at Ve = 70 V. During the shoot-through state, the switches of all the leg are ON at the same

38



time and during the power state, the inverters operate as traditional VSI. The PWM signals of
the upper half switches (S1 and S1) and lower half switches (52 and S2') are complementary to
each other. Figure 2.11(b) shows the PWM signals of inverter unit 2, where PWM signals S>1

and S>> are complement to S>1 and S22 at rat Viep =50 V.
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Figure 2.11: PWM pulses of the proposed inverters (a) PWM pulses of leg 1 and 2 of inverter
unit 1 at Veen =70 V, (b) PWM pulses of leg 1 and 2 of inverter unit 2 at Viep =50 V.

2.9.1.2 Dynamic Response at Same Reference Voltage

Figure 2.12 shows the step-up and step-down dynamics of inverter units 1 and 2 and
the effect of each one of them on the other unit. Figure 2.12(a) shows the step-up load change
in inverter unit 1 with Vi, and phase a voltage of unit 2. As the load current of phase a (ia1)
increases from 7 A to 14 A (pk-pk), the phase a voltage (Va1) of unit 1 slightly decreases and
then restores to its original value within very less time without affecting phase a voltage (Va2)
of unit 2. Similarly, the step-down dynamics is shown in Figure 2.12(b). As the load current ia;
decreases from 14 A to 7 A (pk-pk), the phase voltage Va1 of unit 1 slightly increases and then
restores to its original value within very less time without affecting the voltage Va of unit 2.
Figure 2.12(c) and (d) show the step-up and step-down dynamics of unit 2 with respect to unit
1, while both the units have the same reference voltage Vier = 70 V. In Figure 2.12(c), as the
load current (ix2) increases from 7 A to 14 A (pk-pk), the phase voltage Va of unit 2 slightly

decreases and then restore to its original value within a short time without affecting the unit 1
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phase a voltage (Va1) and vice versa as shown in Figure 2.12(d). This indicates that the proposed

inverters have good dynamic response.
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Figure 2.12: Dynamic result at same reference voltages (a) and (b) step-up and down load
change in unit 1 with phase a voltage (V) of unit 2 and Vi, (c) and (d) step-up and down
load change in unit 2 with V5 and Vi, during parallel mode operation.

2.9.1.3 Dynamic Response at Different Reference Voltages

Figure 2.13 shows the step-up and step-down dynamics of units 1 and 2, while the
reference voltages of units 1 and 2 are 70 V and 60 V respectively. In Figure 2.13(a), as the
phase a load current (ia1) changes from7 A to 14 A (pk-pk), the corresponding voltage (Var) of
inverter unit 1 slightly decreases and then restores to its original value without affecting the
phase a voltage (Va2) of unit 2 and input voltage Vin. Similarly, in Figure 2.13(b) as the load
current (ia1) decreases from 14 to 7 A (pk-pk), the corresponding voltage Va1 = 140 V (pk-pk)
slightly increases and then settles quickly. However, the inverter unit 2 voltage Va2 = 120 V
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(pk-pk) remain unaffected due to this load change. Figures 2.13(c) and (d) show the transient
response of unit 2 with respect to unit 1, while reference voltage for units 1 and 2 are 70 V and
60 V respectively. As the load current i,» of inverter unit 2 increases from 6 A to 12 A (pk-pk),
the corresponding voltage V. = 120 V (pk-pk) slightly decreases and then settles quickly

without affecting the voltage Va1 (140 V pk-pk) of unit 1 and vice versa for Figure 2.13(d).
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Figure 2.13: Dynamic result at different reference voltages (a) and (b) step-up and step-
down load change in unit 1 with phase a voltage (V52) of unit 2 and Vi, (c) and (d) step-up
and down load change in unit 2 with V,; and Vi, during parallel mode operation.

2.9.1.4 Dynamic Response During Boost-Buck Operation at Different Reference Voltages
Figure 2.14(a) and (b) show the step-up and step-down load change during boost and
buck operation for input voltage Vi, = 60 V and Ds = 0.4, while Vit of inverter units 1 and 2

are 100 and 70 V respectively. Figure 2.14(a) shows the step-up dynamics of unit 1 with respect

41



to phase a voltage Va. As the load resistance (R) is changed from 20 to 10 €, the load current
(fa1) changes from 10 A to 20 A and hence the corresponding voltage (Va1) slightly decreases
and then restores to its original value within a short time. However, unit 1 remains unaffected
from this load change and vice versa for Figure 2.14 (b). Since, the Vims1 = 70.71 V is more
than Vin=60 V and Vims2 =49.5 V is less than the Vi, (Figure 2.14(a)). Therefore, the proposed

inverters show good dynamic response during boost-buck operation.
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Figure 2.14: Dynamic result during boost-buck operation at different reference voltages
(a) and (b) step-up and down load change in unit 1 with phase a voltage (V) of unit 2 and
Vin at Vier= 100 and 70 V during parallel mode operation.

2.9.2 Verification of Proposed Series Mode Inverters

The proposed series mode inverter topology is verified for 240 W with input voltage Vi, = 100
V and shoot-through duty Ds = 0.3. The steady state simulation response of the proposed
inverters with reference voltage Vier = 70 V are shown in Figure 2.15. Figure 2.15(a) shows
input voltage Vin =100 V, switch node voltage Vpn =250 V and inductors current i;; and i, =
2.5 A, which are equal to the input DC current i;,,. Since i;; = i;,, charging and discharging of
both the inductor currents are same. During the shoot-through state; when Vyn = 0 V, the
inductors L; and L are charged and when Vp, = 150 V (power state) the inductors L; and L»
release the energy to the capacitors. Figure 2.15(b) shows that Vi, =100 V, capacitor voltages

Vci =75V and Ve =175 V and diode voltage (7pi1). During the shoot-through state, the diode
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is reversed biased and the voltage across the diode V'p1 =-250 V, which is the sum of both the
capacitor voltages (¥c1 =75 V and Vc2 = 175 V). During the power state, the diode is forward
biased and hence voltage across the diode is zero (Vb1 = 0 V). Figure 2.15(c) shows Vin =100
V, diode voltage (¥b1), switch node voltages across unit (Vpn) and switch node voltages (Vpn1)
across unit 1. During the power state, the diode is forward biased (Vb1 = 0 V) and both the
inverters act as traditional VSIs and hence Vpn = Vei + Vez = 250 V. During the series mode
operation, the Vpn 1s equally divided across both the output units and hence Vpn1 = 125 V. Figure
2.15(d) shows the input voltage (Vin = 100 V), phase a voltages (140 V) and current (7 A) of

the inverter units 1 and 2 respectively.

110

110 T T v T I [ Vvin
100 in 100
90 I I I | L I 920 = - -
0.6733 0.6734 0.6735 0.6736 0.4088 0.4089 0.409 0.4091 0.4092 0.4093
300 T T ; ; . 200 T v . :
200 - | 100 = C1
100 V/m o
0 T T T T T T 1 . 4 L
0.6733 0.6734 0.6735 0.6736 0.4088 0.4089 0.409 0.4091 0.4092 0.4093
T T T 300 T T % T T
OSSRV VNV I c
1 100 - [ i [
0.6733 0.6734 0.6735 0.6736 0.4088 0.4089 0.409 0.4091 0.4092 0.4093
e e s e s s e =T —te
e W e W e Vit W e W e N i -100 | Vi
il \ wlUUUUUUUU UL
0.6733 0.6734 0.6735 0.6736 0.4088 0.4089 0.409 0.4091 0.4092 0.4093
(a) (b)
110 T T T T 110 T
I/in I/"”
100 100
92 - - 90 - - ! . -
0.173 0.1731 0.1732 . 0.1733 0.1734 0.1735 0.15 0.2 Vo 0.25 0.3 0.35
T T )] T T - -
0 1 50 T 1
-100 - 0F ]
=200 - =50 - v
-300 ! - - - g =
0.173 0.1731 0.1732 0.1733 0.1734 0.1735 0.15 0.2 i1 0.25 0.3 0.35
300 - -V NS : ' : 3
200 - - ﬁ ' 1
100 | 2l
0 T T 4 i i i 8
0.173 0.1731 0.1732 % 0.1733 0.1734 0.1735 0.15 0z y, 025 0.3 0.35
150 - ! , solA] ; I ; I
100 - T ~
50 | 0
3 . ‘ , , S0\ | | | |
0.173 0.1731 0.1732 0.1733 0.1734 0.1735 0.15 0.2 0.25 0.3 0.35
(c) (d)

Figure 2.15: Steady state simulation result during series mode operation of the proposed
inverters (a) input voltage (Vi,) and switch node voltage (V}n) with inductors current, (b)
capacitor voltages with Vi, and diode voltage (V'p1), (c) switch node voltages with Vi, and
Vb1, (d) phase a voltages and currents of inverter unit 1 and 2.
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Figure 2.16(a) shows Vin = 100 V, phase a voltage (Va2 =140 V) and current (ia2 =
7 A) of inverter unit 2 and phase a voltage Va1 = 140 V of inverter unit 1. Figure 2.16(b)
shows phase a voltages Va1 and Va = 140 V and currents a1 and i.> = 7 A of inverter units
1 and 2, respectively, with the load is resistive (20 Q) and for the same Vier =70 V. The
total output power can be easily calculated from Figure 2.16(b). The value of Vims =49.23

V and Irms = 2.462 A. Therefore the total output power of both the inverter units are given

by Pr=243 W.
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Figure 2.16: Steady state simulation result of the proposed inverters (a) input voltage (Vin)
and phase a voltages and currents of inverter unit 1 and 2, (b) phase « voltages and currents
of inverter unit 1 and 2 during series mode operation.

2.9.2.1 Dynamic Response of Series Mode Inverters

The dynamic behaviour of the proposed series mode inverters with input voltage Vin =
100 V, AC load resistance =20 Q and Ds= 0.3 are shown in Figure 2.17, where Vier of units 1
and 2 are varied with respect to time. Figure 2.17(a) shows the response of both the output
units, when Veer changes from 70 to 50 V. The peak-peak voltage magnitude of phase a of units
1 and 2 change from 140 to 120 V, consequently the phase a current of both the unit changes
from 7 to 6 A. Similarly, Figure 2.17(b) shows the response when Vier changes from 50 to 70
V. The phase voltages of units 1 and 2 follow the reference voltage and finally become equal

to 70 V and current becomes 7 A. The proposed inverters settle to a new reference value within
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a short time, which indicates a good dynamic behaviour.
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Figure 2.17: Dynamic results during series mode operation of the proposed inverters (a)
input voltage (Vi) and phase a voltages and currents of inverter unit 1 and 2 when Vi
changes from 70 V to 50 V and (b) when Vs changes from 50 V to 70 V.

2.10 Conclusion

In this chapter, single-phase quasi-Z-source series-parallel multi output (QSPMO)
inverters are proposed having two versions, parallel and series versions of inverters. The
proposed QSPMO inverters are capable of supplying » number of regulated single-phase AC
outputs simultaneously. The parallel mode inverter is operated for several AC output units with
required constant voltages and variable currents. The series mode inverters are able to give
various AC outputs with constant current. As these inverters are derived from impedance
source network, they have shoot-through protection capability. A constant frequency shoot-
through (CFST) modulation technique is used to operate the proposed inverters. The proposed
topologies are verified for two output units (i.e. two regulated AC outputs) in series and parallel
mode. The outputs of the inverters can be used for single-phase residential applications as well
as single-phase microgrid for different levels of voltage. These can supply more than one load
demands at a time without using any extra adopter or regulator. As the proposed QSPMO
inverters use only single Z-source network to produce multi AC outputs, therefore the weight,
volume and cost are less as compared to separate inverter units used for various voltage outputs.
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