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:_Re newable Energy Sources

‘@l

PV System Wind Turbines

e (N p—— NTS———
DC-AC AC-DC-AC DC-AC DC-AC
PCC
—r— —— AC Bus
Dl lb - el T e e 4- e ]
Istribution Tier-1 loads Tier-2 Loads Tier-3 Loads

Utility Grid Transformer

HOSPITAL

5
®
G
g
8
G
3 ,
5 S
G
g
®
G




Power Converter

INVERTER

CHOP

II\MI-'WP
E E &

' CONVERTERS

-/ cyeLo- l

e —————————————
RECTIFIER




INTRODUCTION

‘¢ The power generation based on the : > o e
nonconventional energy sources

< Due to highly intermittent nature of these o Fectica
renewable sources, proper integration of )
these sources, with same or distinct voltage- S Portable
current characteristics , are required. ' coplences

High gain %IN
¢+ DC-DC converters for integration , . _be-oc I il % 65
% The performance of overall system can be cecidentnl g Eleeo e

improved by the use of high gain converters.

"' "‘..--..
L4
o% ofigh step-up

canverter Temmafacann

** The Boost converters are having a Non-
minimum phase characteristics.

*** Need to design a closed-loop controller to
improve the dynamic performance under all
operating conditions.
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CLASSIFICATION

[ High-gain DC-DC converter ]

I l

[ Non-isolated/][ Unidirectional ] [ Voltage fed/ ][ Hard switched /soft] [Non-minimum phase/]

isolated /Bidirectional current fed switched minimum phase
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CLASSIFICATION-Non-isolated / Isolated

Introducing a shared connection between the input and output of non-
isolated DC-DC converters in transformerless grid-connected PV systems
serves to reduce energy losses, enhance overall system efficiency, and

Vin Vout optimize performance. o—rrrr o
L. L D
PWM Boost converter
1""Ill'll Sl 1""'Il-:-ut
o o
J:_ o

Applications in which a common ground between the input source and load
1s not necessary, the output of non-isolated dc—dc converters can also be

: floated o—rrrn ot o
Vin Vout * L\ Dixg
Three level Boost converter V,, - Vo,
l 2N p, TG
o | | 5 | i 5
= Can be with/without magnetic coupling — v
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CLASSIFICATION-Nonisolated/Isolated

Electrical isolation is an important feature for grid-tied dc—dc converters and for some other
applications that require reliable power transfer with low noise and reduced EMI.

Vin ‘ V(}H \_y‘ VOUt

Can be achieved by means of either transformer or coupled inductor
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CLASSIFICATION-Unidirectional/Bidirectional

Power ﬂOW Full Bridge DC-DC Converter
A > B s\ Ny
Boost converter A NN T
= Curm el Co R RSV
DC Bus A DC Bus B DC Bus A L B : iV CBusB
Il >$>1 ‘T
|

Vin VOUt

Vin LT Rt

2 A Power flow B

R «—— A
Dual Active Bridge DC-DC Converter

51\ S

DC Bus A
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CLASSIFICATION-Voltage-Fed/Current-Fed

Input Stage
. . . . . + .
Depending on their input circuitry, step-up dc—
dc converters can be classified as either voltage- Vi —
-T In
or current-fed converters.
- @
Input Stage
+

Current-fed dc-dc converters are very popular _
for low-voltage renewable energy applications fin <T>
such as photovoltaics (PVs) and fuel cells (FCs)
because their input inductors can provide a
continuous input current, typically with low
ripple. This feature reduces the negative
impacts of high ripple current on low voltage
high-current sources.
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CLASSIFICATION-Hard Switched/Soft Switched

LS CS
— N — A A

B> B
Series
Cs L,
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Lp
B’
LLC

LS Cs
A _f'WY\_| lT A’
CP
B T B’

Series-Parallel

CS I—sl

Parallel
Cs L,
B

T

A’ A — YN

CLLC

BD
LCL

General resonant tank networks
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CLASSIFICATION-NMP/Minimum Phase

e Systems with RHP zeros are called Non-Minimum Phase systems (NMP).

* Controllers for these NMP systems are more difficult to design because, as the gain
increases in a conventional controller, the closed-loop poles will be attracted to the RHP.

* Reducing the inductor value does not eliminate the RHP zero, it pushes it further from
the origin and thus reduces the NMP effect.

e operating in the DCM allows for very stable dynamics without RHP zero

* New boost converters with additional active switches are introduced tristate boost
converters eliminate the RHP zero in the control to output transfer function and can be
used in applications in which fast-response boost action is needed.

KY converter
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CLASSIFICATION

[ High gain DC-DC converter ]

solated DC-DC converter] w

[Coupled inductor based Non -coupled inductor based]

A 4

Switched Switched : Volt
[Capacitor (SC)] [Inductor (SL)] [ SL/SC ] [ WAL ][ Muolti:?izr ]
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Voltage Boosting Techniques- Switched Capacitor( Charge Pump)

N B

1||IlrCl'.lr
‘ a1l
| i
V:: CZ Vl:'.

Dickson

Makowski/Fibonacci

1 2
o 1 2
1 + P -
Vin - C1 Co== v - J_
1 L 2 : 2 ] . C2=: VOUt
= | = _ 1
|
Basic Switched capacitor Doubler
Cheap and Light weight
Small size and higher power density
Easy to be integrated * Energy Harvesting
Fast dynamic response * Automotive and vehicular applications

e High gain DC-DC applications
Inrush current at startup

ESR of capacitor
Lack of output voltage regulation

21-05-2025
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Voltage Boosting Techniques- Voltage Multiplier

BT%TB’

Voltage Multiplier Rectifiers

Half*wave:
CII Dg
I
Vin % D:\x G IT Vour=2V
[« J__ - O

Greinacher Voltage Doubler
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A A’ A > J. A’
B ——| .
o Ligl s
Full-wave: D
3
c ' T T
'l "
H D C C
o—I_* D, J;C; rL_I * 1 r'\ 1 G
avy My ' Vin Vou=4Viy
Vin I—LI Dl D2 Vin af | Vour=2Vin I—LI |
. Al VIJu:T.=2v|I1 o_l_’I Dz = C?, Dg F:Cz F:CL;
L /1 i< o
- C, N D, =

Cockcrofi—Walton Voltage Doubler

Voltage OQuadrupler Rectifier
Voltage Doubler Rectifier



Voltage Boosting Techniques- Voltage Multiplier

e Very high voltage ability with simple topology
* Cell based structure
e (Can be integrated to various structures

* Medical
* Military(high power laser)
* Physics( Plasma accelerator)

K High voltage stress on components
* Need several cells with high voltage ratings for high
power applications
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Voltage Boosting Techniques- Switched Inductor and Voltage Lift

Passive switched inductor

H= A’

>
Active switched inductor S, : S, St S
B A B’ B -2&4 b B’
K]
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Voltage Boosting Techniques- Switched Inductor and Voltage Lift

Hybrid A-SL * High boost ability
* Amenable in many converters

* Need more passive components
* Not suitable for high power
applications

* Mid-range DC-DC converters
* High gain DC-DC converter applications
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Voltage Boosting Techniques- Switched Inductor and Voltage Lift

Hybrid A-SL * High boost ability
* Amenable in many converters

* Need more passive components
* Not suitable for high power
applications

* Mid-range DC-DC converters
* High gain DC-DC converter applications

21-05-2025 21




Voltage Boosting Techniques- Magnetic Coupling

* High design freedom

e Versatile in boost ability

e Switch can be implemented in low
b) Built-in transformers: voltage side help to reduce

2) Coupled Inductor: conduction loss

* High efficiency in soft switched type

1) Transformer:
a) Isolated transformers:

a) Tapped inductor/autotransformer:
* Negative effect of leakage inductance

b) Magnetically coupled-based converters Need precise coupled magnetic

High power/voltage DC supply design

High voltage applications * Relatively bulky
CCPS for capacitive loads

DC Microgrids

* Bidirectional
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Voltage Boosting Techniques- Multistage/-Level

. * Modularity structure
1) Cascaded: a) Quadratic boost: + High power capability
b) Hybrid cascaded: * Reliable and efficient
* High voltage or current level

2) Interleaved:
e Large amount of components

* Relatively heavy, bulky and costly
a)Modular (single dc source): * Efficiency decrease with number of
stages/levels

3) Multilevel:

b) Cascaded (multiple dc source):

HVDC Transmission

* High power DC supply
EV, FC-EV, HEV

* DC Microgrid
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Applications
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Reliability

éx?'
$
<
£ 5
3 Z
£ =
4.
& &
Efficiency
Switched Capacitor/Charge Pump
= Voltage Multiplier
— Switched Inductor/Voltage Lift
= Magnetic Coupling

Ref: M. Forouzesh, Y. P. Siwakoti, S. A. G%‘l’—l}ﬁgggfef?é‘grﬁ%. Lehman, "Step-Up DC-DC Converters: A Comprehensive Review of Voltage-Boosting Techniques, Topologies, and

Applications," in IEEE Transactions on Power Electronics
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Design and development of
Controller for non-isolatec

High gain DC-DC Converter




HIGH GAIN DC-DC CONVERTER TOPOLOGIES USING SDLC NETWORK

(" (SDLC network —|>', Li_f Py ﬁ """"""""" ) P S W Yosspanas
i DO C CO?- VO! E Yotz dTs (1-d)TS Vo1 Vg
S—IL D q=- + E Z A 2 t>: Vi
voVu Vi '
(\I| ! in \ 4 ):
() E A Vin 'VC1 t
g v, A \ 4 A E VS
€ i Ver . : :
i T Veave] Y
Voltage gain SVing J ! ! ! Y Loy 4 ; i '
o ] — e ; { — A e g
) VL=V, —V Yy T S lipas t
v e H H LP2 '
T~ P/\ >
i - I p2i-lo t i i ico ILP21'|0\ t‘
i et T, St
' I P ; L 1 1 2 13 j
Ly
Voltage gain Vin
o _+2-2) ~
CCM.Bn — _dz
=y Vi =Vin —Ver Vi =Ve, +Ve, -V,
N
Vo (2-d)
CCM _Conv.l — - 2
SDLCN converters (a) Converter A (b) Vio (1-d) )
Converter B Equivalent circuit of SDLCN converter A -CCM

(a) mode 1 (b) mode 2 Equivalent circuit of SDLCN converter A DCM mode-3
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SDLCN CONVERTER B

......................................

Ts > S R B VR D
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Theoretical waveforms (a) CCM (b)DCM

Vin

Equivalent circuit of SDLCN converter B 0-03
- DCM mode 3 | 0.04 | DCM s .
ccM SDLCN converter A
| V, 3 2d° S oo ' d(-d)’
G =—= (1-|- 1+ ——) G | i TL_Conv.A =
DCM _Conv.B V 2(1_ d) 9 7, 0.02 2(2 - d)
VLl =Vin _Vc1’ VL2 =Vc3 "'ch +Vc1 _Vo ' L, f SHgNcomverter B d@-d)” )’
Where, 7, = =2 0.01 r 1 |Pi_cows =
1v12 - 2(3 — 2d)
V., 3-2d Ry
G onv.B L= 0 ' : L L
ccM _Conv.B v, (1_ d)2 0 0.2 0.4 0.6 0.8 1

Duty ratiod —8 = —»

Equivalent circuit of SDLCN converter B -CCM (a) mode

1 (b) mode 2 Boundary condition of SDLCN converters
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DESIGN OF COMPONENTS AND HARDWARE PROTOTYPE

Selection of inductors
AI L1 - AI L2 Vind . Vind
—=V._ ;L =V, > L, >
L1 d-l-S in 2 dTS c1L1 AILlfs 2 (1—d)A|L2 fs (28)
Capacitors selection:
L > b (2-d) . Co>—to_.c > l,d_ (29)
N, f.1—-d) VA \V Ya\VR
Selection of Switches and Diodes
Voltage Stress:
Converter A: Vs = L : L ) Va = 1 : 1 (30)
V,, 1-d @-d)> VvV, 1-d @-d)?
Converter B: Ve 1 ; = 5 Vo 1 . 1 (31)
Vi 1-d (1-d)” v 1-d’@—-d)?
Current Stress:
I_S_ (2_d)\/a dio.s Id ;3 -05. -05
Converter A: =) =q) I—=(2—d)(l—d)2 ((L-d)™s1,d7 (32)
0
I, (+d-d®) d* | S e
Converter B: = = : S o-d)(1-d)2:@-d)™: 1 d* (33)
Ay a0 1, =) -0y,

Hardware prototype of converter B
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PERFORMANCE ANALYSIS
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0
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N
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Table 4 Loss equations
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PERFORMANCE COMPARISON

|a5|e 5 comparison Oi proposea converters Wlt“ conventional converters

[18] [20] [13] [19] [9] [7] [14] [12] [15] [31] Conv. A Conv. B
S/D/L/C 3/9/1/6 1/4/5/2 2/4/4/2 2/3/2/2 2/5/6/3 1/6/3/2 1/4/3/2 2/3/3/2 2/5/5/2 3/3/3/2 2/3/3/2 2/4/4/2
Total 19 12 12 9 16 12 10 10 14 11 10 12
i Puls. Discount Cont. Cont. Puls. Puls. Puls. Cont. Cont. Cont. Cont. Cont.
1+5d oy 1 3-2d 1 2+d 21+d 2-d 2-d 3+d 1+2d 2-d 3-2d
Gt | @ 1-d | @-dy da-d (1-d)’ 1-d (1-d)? (-d)’ -y 1-d a-ay (L-d)?
1+(2n+3)d 1L ) _n i pL+nd ) ) ) 1+(n+1)d n+l—d n+2-2d
G (—d) g da—dj 1-d 1d 1—d)? a—ay
S-1,L-2,D- | L-1,D-1, -1, L-1, D-2, L-1, D-3,L-1, C-
Kth S-1, D-2,L-1, C-2 D-2,5-1 L-1 S-1,D-1, L- |S-1,D-1, L-1,C-1
5 C-2 D-2,C-3 C-1 - 0 - -
stage Total-6 Total-4 1, C-1 Total-4 Total-4
Total-8 Total-4 Total-7 Total-4 Total-4
1 1. 4-d
{rsg sazea) | 1-d  [d'0-0" afd2a-0) |1-d'e-o | @-d) [@=9) | 1-d'@-d)’ | i-¢'g-af | 0 1-d'(-d)’ |1 d'@dy
(1+2d -2d?) 2-d . +d)\d 20T ¢ s
0 R CH = Y e U e T S0 § T A N N N e T o ey
_ 1 . N - ~Na - _ - -
1-d t-d Jae-d) 1 Jaa-d) Ja@-d) [ YOO-9 | Jggoay'1-q [0 Vde-o 1- -9
1-d 2@1+2d) 1 1 . 1. d 1
v jy. |1sd s 1. 2-d fde-ayi-atf o, 1 p 4 . 1+d |erie| 1. d 1.2 ) d 1.1 1 1 2-d
pr=i d 1-d 1-d’(1-d)’ L+d "(1-d)? | T1-d’(-d 1 1-d’ (1-d)? 1-d " (L-d)? ; 1-d " (1-d)? —d'1-d)?* (1-d)?
- T (1-d) (1-d) T (1-d) (-d) 1-4d @-d)*  |1-d’@-d)?'@-d)
@-dVd.__1 |, 1.1, (2-0Wd 1 ; - )
Jd Jd | iod il‘d); Yo' Jrecg Jod V[ ogg 1 1| o L;(l—d)z,L T?V%; 12d2;ﬁ ﬂ;# (2-d)(1-d)2;(L-d)"}; (2-d)(1-d)2 ;(0-d)°
Iblly | 1=d 1-d"d | gy @ 21“:1 d) id Ja| &0 Ld d(-d) (-gp 0 A9 1-d'Vi-d |14 |45
= A
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Performance comparison
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EXPERIMENTAL RESULTS-STEADY STATE
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DYNAMIC MODEL

Mode 1 = .
- . . . - X+ bU
Vin — R|_1|L1 Vi~ R31||_1 =0; Ie; = _(lcz + |L2) Ai 1
Ve, Rc1.01 - Rsz (icz + iL2) - RLZiLZ —Vi, = 0; y = ClX + Dlu
Ver t I:\)<:1ic1 - Rsz(icz + iL2) —Veo — (Rcz + Rdz)icz Vi = 0
Mode 2
- - o . B A X+ B.u
Vip — RLllLl Vi = Vi — RdllLl - RCl(ILl - |L2) Ve, = 0; A2 2
_ . : Y =C,x+D,u
Ver T Redles =Vigo — (RdO +Re, + RL2)|L2 —Veo — Reoleo Ve, =Vio = 0 y 2 2
iC1 = (iLl _iLZ); icz = _iLZ; ic3 - _iL2
__(Ru +Rs,) 0 0 0 0 | __(RLl +Rei +Ryy) h __1 0 0 W _i 0 0 0_ _ _
L, L L L L i _l 0 0
0 a (RC1+RD2) (Rc1+Rsz) 0 & _B i i _Ro 0 0 _(Rc1+ Rsz) 0 Ll Ll
RLZTR Lzlzl Llel Lz Lz I-2 Lz Lz(Ro + Rco) 5 LZRl 5 0 0 0 _Li
A1= 0 __c2 D2 — 0 B i _i = 0 0 1 0 B, = )
CR, RC, RC, A= C C. 0 0 0 RC, 0 0 0
R..+R 1 -1
0 _ e s2 0 1 -1 0 0 0
_= 0 O 0
CR, RC, RC, 0 c, 0 0 0 RC, 0 0 0 0
0 0 0 _ 1 R . 0 0 0 0
Co(R, +Rep) 0 -_—0 0 0 —F - -
i - I Co(R, +Reg) Co(Ry +Reo) | [ R, }
C,=/0 0 0 0 :
(R, +Rzp)
— 2 .  h —
a = (Re1tRsp)” - (ReitRsptR ) Rys b = Ry+RoReo/(RytRy)- Cz=[0 RRws 4 L}
RO + RCO (RO + RCO)
R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R RS
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DYNAMIC MODEL
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HARDWARE VALIDATION OF SMALL-SIGNAL MODEL
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CONTROLLER DESIGN
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SUMMARY

» Two high gain multistage non-isolated converter topologies were proposed

» Hardware prototypes of both converters were fabricated for 200 W, 380 V, 50 kHz with 48
Vinput.

» The experimental efficiency is 93.4% and 94.3% for the converters A and B, respectively.

» Compared to the conventional converters, the input current is continuous with low ripple

content, reduced switch current stress and requires lower component count to extend the
converter structure to next stage.

» The dynamic model of the converter was derived and the transfer functions v, /V. and v, /d
were obtained.

» The dynamic response of the transfer functions was validated experimentally.

» A Pl controller for the closed-loop operation was designed using stability boundary locus
approach and Kharitonov’s theorem and is implemented in Zyng 7000 FPGA controller.
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