APPENDIX A

The proposed bidirectional quadratic converter is capable of bidirectional power flow.
In this proposed quadratic converter both quadratic boost and quadratic buck operating
modes are possible. The bidirectional converter is made by cascading two boost
converters which makes it a quadratic boost converter. For making it bi-directional, the
diodes are replaced by switches with body diodes. So, this converter behaves as a

quadratic boost converter as well as a quadratic buck converter.
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Fig. A. 1. (a) Proposed Bidirectional Quadratic Converter (b) Quadratic Boost mode of
operation (c) Quadratic Buck mode of operation
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A.1l. Quadratic Boost Mode of Operations

Quadratic boost mode converter is shown in Fig. A.1 (b). In this mode, VL is an input
whereas Rown Is load resistance of the quadratic boost converter. Quadratic boost
operation will be achieved when the switches S; and Sz operate at the same duty cycle
and same instant. When switches Si and Sz turn-off, body diodes of the switches S, and
S4 are operated. In this mode of operation switches, Sz and S4 are always turned-off.
Perturbation and linearization of the differential equation leads to the following state

space model in the quadratic boost mode of operations (fig. shown in A.1(b))
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The open loop control-to-output transfer function of the propsoed converter can be

derived as follows.

=[0 0 0 1 O][sI—A]""[U4] (A1)

|
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Whereas, U; = [
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By solving (A.1), the following open loop control to output transfer function is obtained

as

A1S3+B,S%+C,s+D
_ 1 1 1 1 (AZ)

- A2$4+st3+C252 +D,S+E,

|

Gplant =
The numerator and denominator coefficients of (A.2) are as follows:

Ay =CLyL,V,,
By = =CL1RouVL
Ci=(1- D)2L2Vo + L,V
D, = —2R,,V,.(1 — D)?
Ay = =1 —=D)CCoL1LyRoy
B, = —-(1-D)CL4{L, ,
C; = —=(1 = D)?Roy(CoLy + CLy) + CoLyRoy (D — 1),
D, = =L,(1-D)*+L;(D - 1),

E; = —Ron(1— D)>.

A.2. Quadratic Buck Mode of Operations

Fig. A.1 (c) shows the proposed converter operating in quadratic buck mode. In this
mode, VH is an input whereas Rov is load resistance of the converter. Quadratic buck
operation will be achieved when the switches Sz and S4 operate at the same instant and
same duty cycle. Body diodes of the switches S; and Sz are turned on when switches S»
and Ss4 turn-off. In this mode of operation, switches, S; and Sz are always a turned-off.
Perturbation and linearization of the differential equation leads to following state

space model in the quadratic buck mode of operations (fig. shown in A.1(c))
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dat UC UC
Do Do
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D _1
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c c
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Where Ulz[‘z—’: LV—j ICLl O]

_ A35%2+B3S+Cg
A4S4+B4S3+C452+D4S+E4

Q"le)

Gplant = (A3)

Whereas,
As = CDL,Ry Vy , B3 = —DL,Ro 111, C3 = 2DRy, Vy
Ay = CCyLyL1Roy, , By = CoLyRo D% + CLyRyy, + CoL1Ry,
C,=CLyL; ,Dy =L, +L,D% E, = Ry,

Bode plot of control-to-output transfer function of quadratic boost mode and
quadratic buck mode is given in Fig. A. 2. The components values are taken as Li=
310uH, Lo= 360pH, Co=100pF, Cin=100uF, C=47uF for 100 kHz switching frequency.

Same components are used for both the modes of operations.

136



100 50
& )
= 50 | 2 0 = o
N .
E A “il \ E - ~N~
g 0 s 2 -50
= l....-.“. =
739 -388 =
_ 270 :
=) =] N
g ‘lk g 180
= 360 > 90
1 £
o o
- -90
0 , -180 N .
10" 107 10° 10! 10° 10" 10° 10° 10* 10°
Frequency (Hz) Frequency (Hz)

(@) (b)

Fig. A. 2. Bode plots of control to output transfer function of (a) Quadratic Boost mode
of operation (b) Quadratic Buck mode of operation
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APPENDIX B

The two conventional boost converters are cascaded and diodes are replaced by
bidirectional switches. By doing this a bi-directional converter is achieved and both
quadratic boost and quadratic buck mode operation is possible. The proposed bi-
directional converter consists of magnetically coupled inductor and a damping network.
With this arrangement, right-half-plane (RHP) zero for the quadratic boost mode of
operation is completely eliminated and the converter becomes capable of handling large
ripple currents in quadratic buck mode of operations. Proposed coupled inductor based
bidirectional converter is shown in Fig. B.1(a)
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Fig. B. 1. (a) Proposed Coupled inductors Bidirectional Quadratic Converter (b)
Quadratic Boost mode of operation (c) Quadratic Buck mode of operation.
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B.1. Quadratic Boost Mode of Operations

The quadratic boost mode operation of the proposed converter is shown in fig. B. 1 (b).
In this mode, VL is an input whereas Ron is load resistance of the proposed quadratic
boost converter. Quadratic boost operation will be achieved when switches S; and Ss
operate at the same duty cycle and the same instant. When switches S; and Ss turn-off
body diodes of the switches Sz and S4 are operated. In this mode of operation switches,
Sz and S4 are always a turned-off.

Purturbation and linearization of the differential equation leads to following state

space model in the quadratic boost mode of operation. (Fig. shown in B.1(b))

[iLl] [iLl]
d |izz | iz | S
72| P | = [alx |2 |+ [BIT x [,] + [E]" x [d]
I
Ug Ug
0 M+ DL, — L, DM — M 0
LiL, — M?2 LiL, — M?2
0 Liy+DM—-M DL, -1, 0
L1L2 _M2 L1L2 _M2
2 1-D -1 -1 0 1
C C R;C R,;C
o L0 0 ! 0
Co Ry Cy
0 0 ! 0 !
Ly M
B = [LlLZ—MZ LiL,—M? 0 0 0]’

_ LZI/C + MVO M]/C + LIVO _ILl _IL2 0]
L, -M?2 LiL,—M? C Co

The open loop control-to-output transfer function of the propsoed converter can be

derived as follows.
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2=[0 0 0 1 0][sI—A]"[Ui] (B.1)
C [LaVetMVy  MVe+LiVo I, —li, T
WhereaS, Ul - [LlLZ_MZ L1L2—M2 C Co 0] '

By solving (B.1), the following open loop control to output transfer function is obtained

. A's*+B's3+C's?+D's+E’
- "5 "4 [ "2 " " (B.2)
A s°+B s*+C s°+D s<+E s+F

|

Gplant =

The numerator and denominator coefficients of (B.2) are as follows:
A = CCdILZRORd(MZ —LL;),
B' =1,,Ry(C + Cy)(M? — L,L,) + CC4RoR4(1 — D) (L Vo + MV,)
C' = CqRoRa{( 1M — I1L2)(1 = D)? + (2I,;M — I14L,)(1 — D)}
+ Ro(C + Cy)(L1Vo + MV,)(1 — D) = CqRoR4l1 2Ly
D" = C4RoR4Vo(1 — D)? + Ro(IaM — Ip5L, + C4RGV)(1 — D)?
+ Ro(2I ;M — 11,L)(1 — D) — I;5L4 R,
E' = RyVo(1—D)* + RoV.(1 — D)?;
A" = CCyCyRyRy(LyL, — M?),
B" = (CCyRy + CoCqRy + CCqRY)(L1L, — M?)
C" = (C+ C))(LiL, — M?) 4+ C4RoR4(CL; + CoL,)(1 — D)% — 2CoC4RoRyM (1 —
D) + CyC4RyR,4L,,
D" = Ry(CyLy + CyL, + CL;)(1 — D)? + C4L,R4(1 — D)?
— (CoRy + C4qR)(2M(1 — D) — Lq)
E" = C4RyRy;(1 —D)* +L,(1 = D)2 —2M(1—D) + L,,

F" = Ry(1—D)*
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B.2. Quadratic Buck Mode of Operations
Fig. B. 1 (c) shows the quadratic buck mode operation of the proposed converter. In this
mode, Vn is an input whereas Rov is load resistance of the proposed quadratic buck
converter. Quadratic buck operation will be achieved when the switches Sz and Ss4
operate at the same instant and same duty cycle. Body diodes of the switches S; and S3
are turned on when switches Sz and S4 turn-off. In this mode of operation switches, S:
and Ss are always a turned-off.

Perturbation and linearization of the differential equation leads to following state

space model in the buck mode of operation (Fig. shown in B.1(c))

[Li2] [Li2]
d |t |21 | <
%Iﬁ | = [A] x| D, |+ X [Vy] +[E]" x [d],
Db
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Where U; = [ Lil, M2 LiL,—M? c 0 O]
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. A3S53+B3S%+C35+D;
A455+B4S4+C453+D452 +E4_S+F4,

|

Gplant = (B.3)

Whereas,

Az = CCqRqRoL(LyVe + MVy),

Bs = (C + Ca)(LaRoLVe + MRy Vi) + C4RaRo 1.1 (M — DLy),

C3 = (RaRoLCa) (V¢ + DVy) + Rop 111 (M — DLy),

D3 = Ry, (Ve + DVy)

Ay = CCinCqR4RoL(L1L, — M?)

B, = (LiL; — M?)(C4CinRor, + RorCCip — CCqRy)

C,=(C+Cy)(LiL, — M?) + C4R R, (CL, + CiyL; + D?CiL, — 2C;,,DM)

D, =CLyRy, — C4(L1Ry + LyRy) + C4DRy(2M — DL,) + CiyRo (L1 — 2DM +
L,D?%)

E, = C4RyRq, — L,D? — L, + 2MD ,

F, = Ry,

Bode plot of control-to-output transfer function of the proposed bidirectional
converter in quadratic boost mode and quadratic buck mode is given in Fig. B.2. For
control-to-output transfer function components values are taken as Li= 291uH, Lo=
577uH, Co=100pF, Cin=100uF, C=47pF, Cyq=220uF, R¢=4Q for 100 kHz switching
frequency. Same components used for both the modes of operations. From Fig. B. 2 it is

clear that RHP zeros are completely eliminated.
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Fig. B.2. Bode plots of control to output transfer function of (a) Quadratic Boost mode
of operation (b) Quadratic Buck mode of operation.
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APPENDIX C

The values of coefficients A" — E" and A" — F"' of (2.40) are given as follows:
A= ClCdmRochdm(]VI2 - LlLZ)(VOdC — LLR)),

B' = Rodc[(IZRi - Vodc)(cl + Cdm)(Mz - Lle)
+ ClcdmRiRdm(1 - D)(leodc + MVCl)]:

C'= Roolc[Cddem(1 - D)Z(IlMRi - IZLZRi - LZVodc) + M(l - D)Ri(cl +
Cam) + Cam(1 = D)Ragm (2I,MR; — LiLR; — 2MVyq.) + Ly (1 —
D)RiRodc(Cdm + Cl) + Cddem(Vodc - IzRi))],

D" = Roucl(Voge — LR)(Ly —2M(1 — D) + L,(1 — D)*) — (1 = D), L, R; +
(1 = D)* I;MR; + C4py(1 — D)*RgmRiVer + Cam (1 — D)*RymRiViacl,

E'= ROdC(VOdC(l - D)3 + Vcl(l - D)Z) R;,
A = C1C2CdmRochdmRi(L1L2 = MZ);

C1C3R,4cR; + CoCqmRoacRi + C1CamRamRi
B! = ( 1%28Rodci 2%dmModc™i 1%dmfdm l) L.L _Mz ,
4G, Cam(1 = D)RagmRoae Gl M%)

C" = (Cl + Cdm)(LlLZ - MZ)(Ri + Rodc(l & D)) + CdmRochdmRi(ClLl +
CZLZ)(l - D)Z + CZCdmRochdmRi(Ll a ZM(]- — D)) ’

D" = (Rochi(CZLZ + C1L1) + CdmRi(LZRdm + LlRodc) -
ZCdeRdmRodc)(l - D)Z = (1 = D)(CdleRdmRodc - ZMRi(RochZ +
Cddem))

+Cdm(1 - D)3L2RdmRodc + LlRi(CZRodc + Cddem)r

E" = CymRogcRamRi(1 — D)* + L,R;(1 — D)? —2M(1 — D)R; + R;L, +
Roac(1 = D)(Ly + (1 — D)?L, — 2((1 — D)) M),

F" = Roqc(1 —D)*R;.

145



146



APPENDIX D

The values of coefficients A'— D and A" — E" of (3.38) are given as follows:

A" = C1L1 LRy Vi — Ci L1 Ly R,
B’ = C1L1(1 - D)Rchchz;

C'= LiRucVer — LiRacRily + LyRacVes(1 = D)? — LyiRgeRi (1 = D) —
LyRacRily(1 = D)?,

D' = RyRV;(1— D)3 + RyRiVe1 (1 — D)2,

A" = C,C,L LRy .R;

B" = C;LL,R; + C;(1 = D)L LR,

C" = CiLiRgcR; + C1L1 (1 — D)?RycR; + C3Ly (1 = D)*RycR;,
D" = Ly,R;.(1—D)%+ L,R;(1—D)?+ L Ry.(1—D) + LyR;,

E" = R,.(1 —D)*R;.
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APPENDIX E

The proposed switched gZSI topologies have high voltage gain in low shoot-through
duty cycle with the same characteristic of classical gZSI such as continuous input
current and common earthing of inverter bridge. The proposed switched gZSlI is a
modified version of classical qZSI in which inverter side inductor are switched by one
auxiliary active switch and one diode. The gZSI inverter side inductor and capacitor is
used for switched operation to achieve high voltage gain instead of using additional

inductors or capacitors.

C,
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<Y YY L gt YY)
GSO
Vae|
T ° Ve

Fig. E. 1. Proposed switched gqZSI

E.1. Proposed Modified Switched -qZSI

The proposed modified continuous input SBI consist of two capacitor (C;, C,) and two
inductors (L4, L,) similar to classical gZSlI. It is important to note that in the proposed
converter, the inductor and capacitor are switched (as shown in Fig. E.1) by one

auxiliary active switch and one diode.
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Fig. E.2. Equivalent circuit model in operating states (a) shoot-through interval (b)
non-shoot-through interval

E.2. Operating Principle of the Proposed Modified Switched
qZSl

The voltages across inductors L1 and L are V;4, V;, , respectively and V., V., are the
voltage across the capacitors. Capacitor currents are I.4,1., and current through
inductors are I;,, I, respectively. The behaviour of the equivalent circuit in these
intervals is shown in Fig. E.2 (a) and E.2 (b), respectively. In this equivalent circuit, V},,,
is a voltage across the inverter switch and ,,,, is a current flowing through the inverter
bridge during a non-shoot-through interval.

The equivalent circuit diagram in a shoot-through mode of the interval is shown in

Fig. E.2 (a). The voltage across the inductors and currents through the capacitors in the

shoot-through interval are written as,

dipq

Li= 7= Vac + Ve (E.1)
L, % =Ve2 (E.2)
2=y, (E.3)
G, Tz mz (E4)

dt
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The behavior of proposed inverter in a non-shoot-through mode is shown as an
equivalent circuit in Fig. E.2 (b). The voltage across the inductors and current through

the capacitors in the non-shoot-through interval is obtained as follows:

dipq

Ly ar Vac +Ver — Vez (E.5)
L2 = -y, (E.6)
¢y d;/? = ILZ_Ipn (E-7)
G, % = I1—Ipn (E.8)

The steady state analyses are carried out using (E.1)-(E.8). The voltage-second
balance principle is applied to the inductors L, and L, over a single switching interval.

By using (E.1)-(E.2) and (E.5)-(E.6) the following is obtained:

D

Ver = 155757 Vac (E.9)
Vez = 1oopepa Ve (E.10)
The switched node voltage across the inverter bridge can be written as,
pn = %Vdc (E.11)
Boost factor (B) is defined as,
B=2n—_1D0 (E.12)

Vige 1-3D+D2

From (E.12) boost factor (voltage gain) can be achieved. Plot of B and G with respect to
duty cycle and M is shown in Fig. E.3. The plot shows that proposed inverter gives

higher gain as compared to classical ZSlI, gZSlI, and SBI.
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Fig. E.3. Comparison of gain factors (a) boost factor variation with D (b) peak ac gain
variation with M.
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APPENDIX F

In this work, active switched capacitor based two single-phase inverters are presented
for improving boost capability. The proposed inverter is derived from the basic
ZS1/gZSl, in which there is a possibility of the active switched capacitor which can be
applied to a conventional discontinuous input current qZSI/ZSl, as well as continuous
input gZSI without adding any passive elements. To enhance boost capability, the
active switched capacitor is used in the conventional capacitor assisted extended
switched boost ZSI (CA-ESBZSI) and diode assisted extended switched boost ZSI
(DA-ESBZSI). By doing this, no extra passive components are increased, i.e., only one
diode and one switch is additionally used. The proposed inverters are suitable for low or
medium voltage DC microgrid application where high AC voltage gain is required. The
capacitor assisted extended switched boost Z- source inverter is shown in Fig. F.1(a).

The diode assisted extended switched boost ZSlI is shown in Fig. F.1(b).

(b)
Fig. F.1. Proposed extended switched boost ZSI (a) Capacitor assisted extended
switched boost ZSI (b) Diode assisted extended switched boost ZSI
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F.1. Capacitor Assisted Extended Switched Boost ZSlI

The voltages across inductors L1 , L> and Ls are V;4, V;, and, V5 respectively and
Ve, Voo, Veg and V,, are the voltage across the capacitors. The capacitor voltages V4,
V.5, V., are equal and inductors current are also equal. The current through inductors
are I, I;, 1,5 and capacitors currents are I.1,I.,,1.1. The behaviour of the equivalent

circuit is shown in Fig. F.2 (a) and F.2 (b), respectively.

C, C
S S e F—v
L, T "Ly Non rWY\Ll I NYY\LZ | L3 >
e el e
\Y/ Cq
\V/ C, dc

i T O

4 =

-1c, - C2

@) (b)

Fig. F.2. Extended capacitor assisted switched boost ZSI operation (a) Equivalent
circuit model in operating in shoot-through interval (b) Equivalent circuit model in non-
shoot-through interval.

During Shoot-through interval following is obtained.

>

Lyt = Vae +Vey + Vg + Vg (F.1)
i

L, f = V2 + V3 (F.2)
i

Ly=2 = Ve + Vey (F.3)

During non-shoot-through interval, following equations are obtained.

di

Ly ﬁ = Vic —Ve2 (F.4)
di

Lzﬁ = Ve = _Vc4 (F5)
di

L3 f = _VC3 (FG)

By utilizing the shoot-through and non-shoot-through interval equations, the steady
state modeling is carried out. The steady state analyses are carried out using shoot-
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through and non shoot-through equations. The voltage- second balance principle is
applied to the inductors L, , L, and L over a single switching interval. By using (F.1)-

(F.6), following is obtained:

D 1-2D
R Vo, = —1720
1-4D+2p2 = dc €2 ™ 4 _4p+2p2 4

Ver =Ves =Ves =

1

Von =Ver +Vep + Vg = == Vae

1

Boost factor (B) is definedas, B = Ton — (F.7)
Vie 1-4D+2D
Cu -C|1+ v
= _/YI;rZY\.,_—| Ly Yon _rvarlv\ rv%rzv\ m "
it
| |+_|_/WY\_ _|
Vdc C2 Vdi_ CZ
_ T ()'pn
i =
- C3 - CS
(a) (b)

Fig. F.3. Extended diode assisted switched boost ZSI operation (a) Equivalent circuit
model in operating in shoot-through interval (b) Equivalent circuit model in non-shoot-
through interval.

F.2. Diode Assisted Extended Switched Boost ZSI

The voltages across inductors Li, L, and Ls are V4, V;, and, V5 respectively and
V.1, V., and V5 are the voltage across the capacitors. The current through inductors
are I;1, I, I;5 and capacitors currents are I.4,1.,,1.53. The capacitor voltages V., and
V., are equal. The behaviour of the equivalent circuit is shown in Fig. F.3 (a) and F.3

(b), respectively.

During Shoot-through interval, following is obtained.

diy

Ll E == VdC + VC3 (FS)
di
L2 ﬁ == VCl + VC3 (Fg)
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i
Ly=2=Vey + Ve (F.10)

During non-shoot-through interval, following equations are obtained.

di;

Ly ac = Vic = Ve3 (F-ll)
di

LZ ﬁ = _ch (E12)
di

Ly =2 = Ve (F.13)

Shoot-through and non-shoot-through interval equations are utilized for the steady state
modeling. The voltage- second balance principle is applied to the inductors L, , L, and

L5 over a single switching interval. By using (F.8)-(F.13) the following is obtained:

D 1
Ve =Veo = 5y Vae Vs = 155 Vac
1
Vpn =Vey + Ve + V3 = (l_T)szc

Boost factor (B) is definedas, B = L/ LS -
Vac  (1-2D)2

(F.14)

This boost factor property can also be described as quadratic boost factor of ZS1/qZSl.
The simple boost PWM technique has constraints of (D + M) < 1, so the relationship

between the ac peak gain and M is as follows:

From (F.14), it is clear that the proposed inverter gives higher ac voltage gain as
compared to conventional extended boost ZSI [10]. Fig. F.4 shows the comparisons of

gain plot.

156



} - - —TW T
*= Proposed Cap. assisted ESBZSI | = _-' .
* = Proposed Diode assisted ESBZSI ! N s
g Diode assisted EBZSI g N : »
Cap. assisted EBZSI . . - .
* = ZS1/qZSI |« - N N
: ." .0. :
6r .: .ﬁ ‘t :' T
- o * 6
=] : .t‘ .o. .0
- * »
4r 4.' q°. .o'. ‘.°‘ .
o ," .‘o‘ ..“
;'. o ot
= et ast® set” -
2 ...l_"_‘!.‘:‘:‘:.:‘ o =
hanaaRRRRRRRRAEEE

0 1 1 1
0 0.05 01 015 0.2 D0.25 03 035 04 045
(a)
10 . I . . -
. == Proposed Cap. assisted ESBZSI
H == Proposed Diode assisted ESBZSI
8 . = * Diode assisted ESBZSI
', . Cap. assisted ESBZSI
6 _’.. -_. =« ZS1/gZS1
..0 ‘l
O ‘.. ’,
4 0." o‘
Fa, ..‘t .‘o
b ) '-.lq.... ‘”“.. .ll:
27 ..""Il-l-...'.....'llliil.. .l.ff.' |
EEEssmamn -ibu.;.im.::a:l d

M
(b)
Fig. F.4. Gain plot comparisons (a) Boost factor plot (b) AC gain plot
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