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Mormaly ac power

ac loads
—dc ~ac
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ac power failure
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Single or two stage PFC Isolated Step up  Inverter
converter/ charger de-dc converter

Batteries

The conventional stand-alone generating system with three or four power conversion
stages, Figure 1.1

Generally stand-alone generating systems require high efficiency, high reliability, small size,
and low cost. For household electric supply, the cost and size are important elements. As an
uninterrupted power supply (UPS) used in internet data centres, hospitals, and militaries, it
is also important to provide reliable and high quality power since a power failure can cause
serious problems such as data loss, injuries, fatalities, or business disruption. The off-line
UPS is now the most commonly used technology for supplying power to critical loads such
as computers and medical equipment. When utility power is not available, it provides
regulated emergency power to the connected equipment by supplying power from a
separate source. In the off-line UPS system, the load is directly connected to the ac power
source, typically the grid, or ac loads. When the grid fails or goes below a minimum level,
the off-line UPS blocks the incoming grid power and delivers power to the ac load via a dc-ac
inverter system with an internal storage battery. The conventional stand-alone generating
system for off-line UPSs has three or four power conversion stages as shown. The three or
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four power conversion stages, the hard switching in the inverter, and the use of more
reactive elements lead to reduced efficiency, power density, and reliability and increase the

cost of the overall system.

MNormaly ac power

Batteries

ac power failure

ac

ac loads

bidirectional
single stage
inverter

grid

Batteries

dc ac

ac loads

bidirectional
single stage
inverter

Stand-alone generating system with single power conversion stage, Figure 1.2

To solve these problems, single-stage isolated bidirectional inverters have recently become

a major research topic and have been proposed as an interface of the stand-alone power

generating system.
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Single-stage inverters can step up and down the dc voltage and be modulated to achieve a
sinusoidal output current or voltage.

There are two types of single stage inverters a) Z-source inverter, b) dc-dc converter derived
inverters. Dc-dc converter derived inverters can bel) Buck inverter, 2) Boost inverter, 3)
Buck-Boost inverter, 4) Single stage dual Flyback inverter, 5) Dual active bridge converter
and Flyback converter with unfolder bridge.

a) Z-source inverter
Z-source inverter consists of a unique L-C circuit which handles shoot through states and
boosts the output voltage. Thus shoot through cannot destroy the inverter. Z-source
inverter has both buck and boost capability with single structure. To make inductor current
almost constant and to keep the Z-source inverter in CCM, choice of inductor value should
be great enough. In DCM, inverter output voltage becomes uncontrollable and increases
infinitely under small inductance. The bidirectional-ZSl is used to avoid this shortcoming and
provide energy exchange in both direction between dc and ac side.

L

J51 JS?.

o :

[ s2 [ sa

Bidirectional Z-source inverter, Figure 2.1
The main disadvantage of basic ZSI topology is that line current becomes discontinuous in
boost mode operation. So there is a large filter requirement which is not desired. A new
topology quasi —ZS| overcomes this disadvantage. Here the voltage of single capacitor is
lower than the capacitor voltage of basic ZSI. By common earthing of power input source
and D.C. link bus common-mode noise can be reduced. In bidirectional Z-Source, switching
pulse of Ss must be complementary of shoot-through signal.




Page |4

b) dc/dc converter derived inverter

+» Differential connection of the load:

In inverter applications, where either polarity is required, a converter is required which is
capable of producing an output voltage of either polarity. By variation of duty cycle in the
correct manner, a pure sinusoidal output voltage having no dc bias can be obtained. dc/dc
converter derived inverter can be of many types. Some basics of them are discussed here.

» Buck inverter
Suppose there are two buck converters having output voltages of V; & V. If the load is
connected differentially across the two converters then output voltage, V =V, — V..

If converterl is driven with duty cycle= D, and converter2 is driven with
duty cycle= (1 — D) = D’, and input voltage is equals to V;,.

Then,V; =D V;,,andV, = D' V,,.
Hence,V =V, =V,
= D Vi - D’ Vi
= 2D -1)V;
At,D =05,V =0.1fD > 0.5V >0andforD < 0.5,V <0.
So, by varying the duty cycle sinusoidally around the quiescent point 0.5, we can get
sinusoidal output voltage. This type of control is done by sliding mode controller. But for
understanding of the concept by checking through MATLAB,
Let, D = 0.5 + my Sinwt; (0 <my <0.5)
Hence, V = [2 * (0.5 + my Sinwt) — 1] V;
= 2my Vi, Sinwt, A pure sinusoid.
By comparing a carrier sawtooth waveform of unit amplitude with a reference (0.5 +

m, Sinwt), we can get sinusoidally varying duty cycle around D=0.5 and get sinusoidal
output voltage.
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v" Matlab simulation study of Buck inverter:

Fowergui
< 3 K B
i_— 2680 Volts rm /\Z/T\U;\/
33mH 48 Ohms l_
- -
][]
Scope

Matlab model of Buck inverter, Figure 2.2

With a reference (0.5 + 0.3 Sin(2 * m * 50 * t)), and sawtooth carrier wave of 10 kHz, unit
amplitude, we can get the sinusoidally varying duty cycle around D=0.5.

:é M I [
SE|SH O e
S Al ! | ! | | ! | | | Ii

Sinusoidal Duty cycle generation, Figure 2.3
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Output Voltage
(Volts)

007 0075

0.06 0,085
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Buck inverter output voltage waveform, Figure 2.4

» Boost inverter
Two dc-dc converters feeding a load. The two dc converter produce a dc-biased sine wave

output such that each source produces only a unipolar voltage. The modulation of each
converter is 180° out of phase with the other so that the voltage excursion across the load is,

maximized. Thus, the output voltages of the converters are described by
Vi = Vi +V, sinwt and V, = V. =V, sinwt

Thus the output voltage is sinusoidal as given by
V=V -V,= 2V, sinwt

) /\
Load Vdc \/

time

Converter
B

- v2 /\
|(a] Two dc—l_ic converters
Vdc

time

(b) Output voltages

Principle of boost inverter, Figure 2.5

Converter Vi V2
A
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Load
Szjt;f}%g SiJ
+ +
1o vi YT YV oo
Vin
5

Two directional boost converters, Figure 2.6

The output of inverter can be controlled by one of the two methods
(1) Use a duty cycle ‘D’ for ‘converter A’ and a duty cycle ‘(1 — D)’ for ‘converter B'.

(2) Use a different duty cycle for each converter such that each converter produces a dc-
biased sine wave output.

The second method is preferred and it uses controller for both converters which makes the
capacitor voltages V; and V, follow dc biased sinusoidal reference voltage.

Hence, the output voltage of boost inverter is
V = Vl - V2

1 1

=5
_(2b-1)
"~ D(1-D)

At,D =05,V =0.1fD > 0.5V >0andforD < 0.5,V < 0.

So, by varying the duty cycle sinusoidally around the quiescent point D=0.5, we can get
sinusoidal output voltage. But here the output voltage will be sinusoidal between a small
range around quiescent point D = 0.5 as boost converter gain is a non-linear function of D.
So, it is better to use controller for both converters which makes the capacitor voltages

V, and V, follow dc biased sinusoidal reference voltage.
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Boost inverter can give output voltage either greater than or less than input voltage
depending upon the duty cycle.

v' Matlab simulation study of Boost inverter:

Similar to buck inverter, here also have used D = 0.5 + m, Sinwt for observation. m; =
0.15.

AN B oees.
A pawergui
(v ] o -
-
[

e

o7 uF o 27 uF1

AP p T
1.28mH D 128 mH1 l_

_'G: 1_— 50 Vols H%

Matlab model of Boost inverter, Figure 2.7

QOutput Voltage
(Volts)

Inductor current
(Amps)

007 008 009 01 011 0.12

time (sec)

Boost inverter output voltage and inductor current, Figure 2.8




For higher output voltage, due to nonlinear curve of gain vs duty cycle, output voltage will
not follow sinusoidal. So there will be some harmonics at output voltage. To minimize that
effect, have injected third harmonic in duty ratio modulation by using following reference,

D =0.5+ 0.2 Sinwt + 0.01196 Sin3wt
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Output Voltage
(Volts)

@
I

Inductor current
(Amps)

007

0.00

time (sec)

Output voltage of Boost inverter with third harmonic injected duty cycle modulation,

Figure 2.9
» Buck-Boost inverter
A 2 ) i)
YT YTy YT YTy
L
C o
A Sﬂﬁ 53 | ay
va Load Vb
+ Vo -

The full bridge topology can also be operated as a buck-boost inverter as shown. It almost

Buck-boost inverter, Figure 2.10

have same characteristics of boost converter and it can generate an output ac voltage lower
or higher than the DC input voltage. Hence, the output voltage of boost inverter is,
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_(2b-1)
-~ D(1-D)

At,D =05,V =0.1fD > 0.5V >0andforD < 0.5,V <0.

Lac

()
N

Grid

1 T2

il
I
=
g
A
I

Shtﬂ |i|:'t_:1 SDﬂ |_SAC:!

°'<I| PWM1 PWM2 Dc

Single stage dual Flyback inverter, Figure 2.11
“A novel single-stage inverter for the AC-module with reduced low-frequency ripple
penetration” proposed the single stage dual Flyback inverter. In this topology two
bidirectional Flyback converters are connected to form main circuit. It provides galvanic
isolation by high frequency transformers.

The converter is introduced in (De Doncker et al., 1991) and (Kheraluwala et al., 1992). In
this configuration, full-bridge voltage-fed converters are used at both sides of the isolation
transformer and the control is performed based on soft-switched phase-shift strategy. In its
basic form, the diagonal switching pairs in each converter are turned on simultaneously with
50% duty cycle (ignoring the small dead time) and with 180 degrees phase shift between
two legs to provide a nearly square wave ac voltage across transformer terminals. The phase
shift between two ac voltages, denoted by, is an important parameter which determines
the direction and amount of power transfer between dc buses. By adjusting this phase shift,
a fixed frequency operation with full control over the power transfer is possible.

10
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Circuit diagram of Dual active bridge converter, Figure 2.12
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Operating waveforms (a) A-to-B mode and (b) B-to-A mode, Figure 2.13
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The average transferred power can be obtained by calculating the average ac power at the
transformer terminals, i.e. by using single phase shift modulation (PSM),

v Calculation of power flow of DAB converter

(VB )
W
o} s T 25, \
—1. o
Ve + WB/Sn) Wa + VB n)
- Wa + WVeB/n)
(Va - VB/n)
(- Wa -Ve/Sn)
21
1
P=— (vac,A * 1) d(wt)
21
0
3
——f(VA*ll)dB
0
P T
Val [ . .
=—|[i1dO+ [ i1dO] e e 2.1
T
0 P

12




0;0<0<g .

1
h=ht (VA )2ka

Vg 1
= I, + (VA — —) 2nf Ly (0 =0); 0 <O <Taes s e e e e e e

f is the high switching frequency of the DAB converter.
From half-wave symmetry, I; = -1,

At, 0 = ¢,i; = I, hence, from eqn. 2.2,

V 1

At, 0 = m, i, = I3, hence, from eqn. 2.3,

VB) (- )

=l (VA " 1) 2nfL,
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..eqn.2.2

eqn.2.3

/AN Vey 1 _
-L=1L+ (VA ) > ka o+ (VA —7) (r —¢); (Puttingl; = —I,)

27'[ka

L= [52 (5 = 0) ~Va(3)| (gp) e

Hence, putting the value of eqn. 2.5 in eqn. 2.4,

I, = [% G-¢)-w)] (ﬁ) s %) <2n]1ka) v

Ve Vym
I =|=2— -4
2 [Zn 2 +VA¢]<

Putting the value of i; from eqn.2.2 & eqn.2.3 ineqn. 2.1,

T

- @
v, AN v,
Pavg =2 j[11+<VA+7) anLke]d0+J[lz+(VA—7)
0

")

(,02

27'[ka

o+ (4 2) s S+ 1 -0+ (v

eqn.2.5

.eqn. 2.6

3 (6~ 91 do

VB) 1 (m—¢)° l

Putting the value of [; & I, from eqn. 2.5 & eqn. 2.6 in the above equation and simplifying

we get,

_VaVp o (r— @)

P =
avg 2m2L,nf

..eqn.2.7

13
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Where Ly, is the transformer leakage inductance (plus any series inductance), n is the
transformer turns ratio (Side B to Side A) and w is the angular frequency. To transfer power
from Side A to Side B (A-to-B mode), v, 4 should lead v,. g and @ is considered as positive.
In B-to-A mode, v, 4 should lag v, g and ¢ is negative. This leading or lagging phase shift is
simply implemented by proper timing control of converter switches. Ly is an important
element which determines the maximum amount of transferable power with given
switching frequency. Therefore, apart from other practical limitations, it is possible to reach
a high power density converter with a low leakage transformer.

There are several other types of modulation techniques based on both phase shift control
and duty ratio control such as Trapezoidal modulation (TPZM), Triangular modulation
(special case of TPZM), hybrid of PSM, TPZM or TRM can be used for control of Dual active
bridge converter.

By using variable frequency control in hybrid modulation technique, Since ju is directly
proportional to ¢ when using the hybrid modulation, the phase shift angle ¢ should be a

rectified sine wave in phase with iac as a following function ¢(t) to achieve unity power

factor we can get perfect sinusoid grid current which in turn creates a rectified sinusoid dc
link voltage which can be unfolded by Unfolder Bridge as per the paper “High-efficiency
Bidirectional DAB Inverter using a Novel Hybrid Modulation for Stand-alone Power
Generating System with Low Input Voltage”.

full-bridge 1 full-bridge 2
(FB1) negative (FB2)
. A power flow A -
o (charging mode)y
+
AL E
- - Sery
J‘_‘ ¥ a LTt C
¥ g Lut A grid
g
I'n D
- positive |
Fower flow load
(discharging mode)
Il |
DAB de-de converter svnchronous rectifier
(= FB1 + transformer + FB2) (SR) for unfolding

- -
e |

S

Bidirectional DAB inverter for the stand-alone generating system
with single power-conversion stage, Figure 2.14

For high input voltage and output voltage ratio, transformerless configuration is not suited
as it cannot provide galvanic isolation. Therefore, Dual active bridge inverter and buck-boost
converter derived Flyback inverter are widely used. Apart from that DAB has only step down
function. Thus it requires high transformer turns ratio to achieve voltage matching to grid
level. But Flyback converter can both step up and step down.

14
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oy [P A
’ bus voltage E E
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Chus 41:: + T 2 W
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Delta

Modulation
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Referance

Synchronised
Unfolder Bridge

Circuit Diagram of Flyback converter with unfolder bridge, Figure 2.15

Single stage inverter is used for single stage dc to ac power conversion for better efficiency.
The main aim is to inject sinusoidal current wave form to grid. For sinusoidal current
waveform, the current through magnetizing inductance is shaped in the form of rectified
sinusoid by comparing the im with rectified sinusoidal current reference signal. Flyback
converter is derived from buck-boost chopper. Buck-boost chopper can be operated in both
continuous and discontinuous conduction mode. But discontinuous conduction mode is
preferred over continuous conduction mode because of need of smaller magnetizing
inductance has quicker response and lower transient output voltage spike to sudden change
in load current or input voltage. Apart from that, from state space averaged model of both
boost and buck-boost chopper in continuous conduction mode has a right half plane zero in
the transfer function of loop gain which creates an initial drop of output voltage for an
incremental step change in duty cycle and thus require more difficult feedback control
circuit to eliminate that right half plane zero. But for high power application Flyback
converter has to be operated in continuous conduction mode. Due to rectified sinusoid
nature of dc bus voltage requires a lower valued dc bus capacitance just to eliminate higher
order harmonics of dc link current which is another advantage of Single-stage inverter. That
filtered dc link current is unfolded by using synchronised unfolder bridge. The secondary
side switch is operated at high frequency to transfer power from grid to dc source. Thus this
converter offers bidirectional power flow.

Later in this thesis we have concentrated on Flyback converter driven single-stage inverter.

15
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t

Magnetizing Inductor Current, Primary Switch current and dc link current respectively at
DCM, Figure 3.1

Periodic Short duration
High frequency Pulses
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Gate switching pulse generation block diagram, Figure 3.2
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For creating rectified sinusoidal magnetizing inductance current this current is compared
with a rectified sinusoid and the comparator output is zero when iwis less than the rectified
sinusoidal reference current, thus R is at zero. When a pulse appears at S of S-R flip-flop, for
S=1 and R=0 sets the S-R flip-flop making the switch on and the inductor current continues
to increase linearly for input voltage until it reaches the sinusoidal reference. When im tries
to increase beyond the reference, comparator output becomes one. So R is at one. For S=0
and R=1, S-R flip-flop resets, thus Q=0 making the switch off. Inductor current starts to
decay until the second pulse appears at S. If the pulse frequency is very high, the Flyback
inverter operates at continuous conduction mode. If pulse frequency is lower than
discharging rate of magnetizing inductance current, Flyback converter operates at
discontinuous conduction mode. Thus by varying the pulse frequency, we can operate the
Flyback inverter at continuous or discontinuous conduction mode.
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lref | u | N
Pulses to gate
-Vee
R2

<7

"m

Hysteresis band current controller for gate pulse generation, Figure 3.3

Another way to shape the inductor current is by using hysteresis band current controller.
When the current exceeds the hysteresis band, the comparator output becomes low thus
making the switch off, inductor current starts to decay. When the current crosses the lower
band limit, the comparator output becomes high and switch becomes on and the inductor
current again increases. In this way the inductor current is forced to track the sinusoidal
reference. This type of control gives CCM operation and high quality grid current.

e Discharging Mode

Model: S¢ Switch is ON

Np

Vdc

17
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When the switch is on, the inductor current starts to increase through the switch until it
reaches the reference current. In this duration of time inductor stores energy with upper
polarity positive and lower polarity negative and no current flows to the secondary as
secondary side diode is in reverse biased condition.

+ ~ N: Go—|[§1 ZS D1 Go—|<32 D2
T vde =
Chus 4@*’—”’*\_
. C 1 Cc . Ve lg
o—|<sF Mo D 5 5&}'—0 C c
E E 0_|<53 ZS D3 o—|<54 Da

Synchronised
Unfolder Bridge

When inductor current reaches the reference current the switch becomes off and the
polarity of inductor reverses thus the stored energy transfers to the secondary side through
the transformer and the secondary side current flows to the grid through the unfolder-
bridge and forward biased antiparallel diode of secondary side switch. Model and Mode2A
will continue cyclically at switching frequency in positive half cycle of grid voltage.

- -
iml, Lm q\is C c
G G -
+ » o—I s1 DL o—]| s2 AN
Np  Ns
E E
T vde —4
Chus _@;fm‘_
. C C . Vg lg
o—] S¢ D DK 8 |—o c c
G G 4
E £ o—|<53 D3 o—|(54 /N s
E E

Synchronised
Unfolder Bridge

Similarly Model and Mode2B will continue cyclically at switching frequency in negative
half cycle of grid voltage.

18




e Charging Mode
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e v
+

-

T

Np

=
i

r Vdc

i{s; Ao oK

Synchronised
Unfolder Bridge

When the secondary switch is on and all switching pulses of the unfolder circuit is absent,
the unfolder bridge acts as a full wave bridge rectifier with antiparallel diodes D1, D2, D3&
D4. The magnetizing inductance charges by grid voltage with the polarity as shown.

When the secondary side switch is off, the stored energy of inductor is fed to the dc supply
through antiparallel diode of the primary side switch. Model and Mode2 will continue

cyclically at switching frequency.

19




Page |20

Switch
%N/ s = = @
T time
= jnductor current

Switching sequence diagram, Figure 4.1

Interval dT:

X=Ax+bi Vg eqn 4101

Vi = CiT oo e et e e e eqn.4.1.2

Interval (1-d)T:

X=A,x+DbyVg .o e eqn 42,1
B s YT, 1 X0 )

From eqn.4.1.1 & eqn. 4.2.1 for Linear Continuous system, state space averaged expression
of state variables is,

Similarly from eqn. 4.1.2 &eqn.4.2.2,
y=dy, +d y,
=(d C;"+d" €)X it EqML 4322

“w,.n

Where A;,b; & A,,b, are equivalent state matrices in each interval respectively and “x” is

o .n

the matrix of state variables and “y” is the output matrix and d’ = (1 — d). Here duty cycle
“d” and input voltage “vg” are constant. Following is the overall state space averaged
expression.

Rearranging terms in eqn.4.3.1 & eqn. 4.3.2 we get,
X=Ax+DbVg .o eqn 44,1
Y= CTX ettt et e e e N 442
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These are the overall equations where
A=dA,+dAy,,b=db, +db,, CT=dC,  +d C,"

Perturbation: There are two types of perturbations

For,vg = Vg + vg

x=X+X&y=Y+J

Hence, putting x and y in eqn. 4.4.1 & eqn. 4.4.2, we get,
X+K=AX+) +b(VZ+TG) cesevv e err e eme e ene e e €qM 4.5.1
Y+ =CTX+CTR e i et ee e et e e @qN 452

Separation of steady state (d.c) part from dynamic (a.c) part:

From eqn.4.5.1, separating D.C part we get,
AX+bVg=0 (Asatsteady state,X = 0)

=X = —(ADVE) e v e e e v e e €qNL 46,1

Similarly from eqn. 4.5.2, separating D.C part we get,
Y=CTX

=Y = —CTA b Vg . es e et vt e e e e e €N 4.6.2

From eqn.4.5.1 & eqn. 4.5.2, separating A.C part we get,

R=AZ+DTG e cee e e er e e e e eqML 471
F=CTR et qNL 47,2

d=D+d;d=(1-d)=1-D)—d =D'—-d
Now considering the total perturbation i.e. both line voltage variation and duty cycle
variation from eqn. 4.7.1 & eqn. 4.7.2 we get,
x=[(D+d)A; +(D'—d)A;]JX+2)+[(D+d)by + (D' —d)b,]| (Vg + 7g)
=[(DAX+D'AX)+ (dA X— dAX)|+[(DA 2+ D'A %)+ (dA % —
dA, )]+ [(Db, Vg+D'b, Vg) + (db, Vg— d b, Vg)| + [(D b, 7g +
D'b, g) + (d b, 7g — d b, 7g)]
x=(AX+bVg)+(AZ+bvg) +[(A; —A) X+ (b, —b,) Vgl d
+ (A=A R+ (b =b) TGl d cee e e e e e e e e @M 48,1

21




Page |22

y=[(D+d) ¢;"+(D'=4d) ¢,"] X+ %)

=(D ¢,"X+D" ;"X)+(d¢,"X=dC,"X)+ (D ¢,"2+ D' C,"%)
+ (dA Cle - dA CZT 5&)

y=CTX+CT2+(C," = XA+ (G = ") Rd e v e e eqn 48.2

e State Space averaging of Buck-Boost converter (at CCM)

Ignoring equivalent series resistance of capacitor and equivalent series resistance of
inductor following is the model of buck-boost converter.

sw L1
A [ ™ -0 + v0)
L D Y+¥
1+ '

- o

c o+

vg+7g

Switch ON duration:
SW
(L v
! L [g]j“:__f
+ I R
771 c

—CVR = v, (Taking,v = 70 .)
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. 1
=PV = (—_)v
RC

Hence in matrix form:

Ll]] = [3 (_(Lic)l Ll;] + I((%))] TG oot e e €qL 49,1

1

Switch OFF duration:

| 0 =l ]
1 Cc +
—Li=v
A 1
~i==()»
L
v=1R — CVR

= Q)i- ()

Hence in matrix form:

[£]- [ ] P[0 v 492

b;

Hence the overall state space averaged matrix representation considering duty ratio
variation and ignoring nonlinear higher order terms from eqn. 4.8.1,eqn.4.9.1 & eqn. 4.9.2,

we get,

_D_ D

] l i ;:l + l(Z)l 1/7? + [( A1 —_ Az) X + (b1 - bz) Vg] dA ......... eqn. 4101
—— 0
RC
b (Duty ratio variation term)
~ _ [}
y=[0 -1] [v] et et oot oo o e QT 4.10.2
CT
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AX+bVg=0(As X = 0 at steady state for d.c term)
=X =—=(A"1bVE) vt e e 411
Hence, putting the value of eqn. 4.11 on duty ratio variation term of eqn. 4.10.1 we get,
= [(A; — Ay) {—(A"'b Vg)} + (b; — by) Vg] d
= [—(A; —Ay) (A7) + (by = b)IVEd eev e v v e et e vt e QT 412

(AL —Ay) =

C
[~ 2\
[0 -1 (%) [E RD%GS‘Vg
T LC
- (%)
D’
Hence,
Vo = (Dl;/’g) R OPPTRPRPRPSN -0 ¢ I 30 1<
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Now,

(A1 —Ay) (A™D)

~(5%)

@ o -
()
- (DLCZ) ( LIZ)C )}eqn 4.14.1
 RLC?
(by —by) = [(%)‘ N - 1/ L 3 T 4
0

Hence, putting eqn.4.14.1 & eqn. 4.14.2 in eqn. 4.12 we get,
[—(A; = Az) (A7'b) + (by —by)]Ve d

__ (k& K_LL)Z_LZ)L % Vgd
{ <D,2>l<_RfC2)J (O)}
((GD+@)
{ <_D’2DRC>

Hence the duty ratio variation term is

(@O o [N, o o
(o2) ey |t ere=5)

Page |25

. . . (Vo . .
Note: In case of continuous conduction mode dc gain (V—;) is only dependent on duty ratio

and resistances in original model because it is the solution of linear system of equations. It

does not depend on storage elements L and C.
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1o T e[
@) ()

e Transfer function analysis:

Doing Laplace transform in eqn. 4.15, the state space matrix is as follows

@ Cpor, (@ |6
s[;(i) =| , L l[;(? + (_) vg(s) + | L OL L d(s)..eqn.4.16
NG ()BT (e |

To observe only duty cycle variation effect, keeping 7g(s) = 0.

ST I e Y (G2 )
G R R |

e ) oy (@),
(-2) Corl™ 1 (omd) |

_>[i(s) ZI[ S, <D7> ]|1|[<<%)+<%))]' d(s)
UET) Gt | o) |
i(s) =/ 1 \_<S+$ <z>v<(%)+(%)>] d(s)
[v(S) k<52+;_c+(i_cz>>) (%) S [ (_DY;C) ‘
g [P,
@) e o

9(s) = —v(s)
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Hence, from eqn. 4.17,

(%))z_{((% &)+ (5%)

d(s)

D
Vo =Vg (E)
Vo

e e

9(s)\ _ (_Vo <S_(D;LR)> ]I
<d(s)> (D'RC)KSZ D,z>

So from the final transfer function of output voltage variation w.r.t duty ratio variation has a

DL
incremental step increase in duty cycle until the recovery of capacitor voltage. This effect of

R.H.P zero can be partially minimized by pushing it far from origin of s-plane by decreasing
the value of L, increasing the value of R & decreasing the switching frequency or by
operating at DCM.

72
R.H.P zeroats = (u). This R.H.P zero creates an undesired voltage drop due to

34.88
348‘7 1
34.86
34.85
34.84 1
34.83
34.82
34.81

34.8

CAPACITOR VOLTAGE (VOLTS)

34.79 v . : . ’ . . r .
0.0026 0.0028 0.003 0.0032 0.0034 0.0036
TIME (SECONDS)

Capacitor Voltage drop for duty cycle increment, Figure 4.2
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This problem of right half plane zero is prominent at lightly load condition.

Now, from eqn.4.17,

[

©)_ |65+ () (o)
(d(s)> l (52 ++ (’%;))

Thus there is no R.H.P zero for transfer function of inductor current variation w.r.t duty ratio
variation. So due to incremental step change in duty cycle the inductor current increases
immediately.

INDUCTOR CURRENT (AMPS)

T T T T

7 T T T T
0.0026 0.0028 0.003 0.0032 0.0034 0.0036
TIME (SECONDS)

Immediate Inductor current rise for duty cycle increment, Figure 4.3

e First order model analysis of current mode controlled Buck-Boost

converter:
Current mode control removes one pole from (%) transfer function. In CCM, if not directly

controlling the duty cycle, if inductor current is tracked with a current reference, which in
turn indirectly controls the duty cycle.

Thus, in case of current mode control, i(s) = i.(s), i.(s) is reference current signal.

Hence, replacing i(s) by i.(s), from eqn. 4.16,
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_D'y]
s[ie(s) = ’ < L>|[1C(s) (D) vg(s)+| d(s) ...eqn.4.18

" _lKD?) G%)J " | <_DY1(2)C)

si.(s) = (— D—) v(s) + (%) vg(s) + (Vo il Vg) d(s)

() )
|

L

s+ (2) v - (D) )
d - (V0+Vg)
L
For observing only .(s) effect, taking Tg(s) = 0,

si.(s) + ( )v(s)

(V0+Vg)
L

Again from eqn. 4.18, we get,

d(s) =

sv(s) = v(s) i.(s) + (— %) v(s) + (— %) d(s)

Putting the value of &(s), and (Vg + Vo) = (FO)

Vo )szc<s> +(2)vis)

1
sv(s) = v(s) i.(s) + (— _) v(s) + ( D'RC (E)
DL

RC

After some manipulation,

(v(s)> _ D'RC (1 - o5=)

i.(s)) 14D (1 n sRC)

. (y(s)> __DRC (1-2%)

i.(s) [+ (145

1+D

Hence, current mode control removes one pole from the control-to-output transfer
function, thus simplifying the compensation in negative-feedback system, especially in the
presence of the right-half-plane zero.
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e Matlab simulation study of RHP zero effect at CCM:

Discirets,
| Fs = Se-07
1 2 powergui
26

-
MNp=13, Ms=|
Soope? 1
Hl <z
= z4vols

 C=50uF % R=100Chm

6137

Disgiary

Simulink model of Flyback converter with resistive load, Figure 4.4

inductor current
14.8 T T T T T

148 [

144 - - - .

142 - - - - .

Inductor Current (Amps)

output woltage
T

535 [ - - - .

Capacitor Voltage (Volis)

53 I ] I ] .

0.403 0.4035 0.404 0.4045 0.405

Time (Sec.)

Simulated waveform of inductor current and output voltage of Flyback converter due to
incremental step change in duty cycle from d=0.55 to d=0.552, Figure 4.5
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e Calculation of ‘Lm’ for DCM operation:

LLm,env

i /”’_“‘\‘/\ i
o

N
\

0 T T

2

electrical angle

Inductor current at DCM during half cycle of utility grid line, Figure 5.1

Converter is to be designed to operate magnetizing inductance in DCM. So sufficient off
time must be provided to decrease the i;,, to zero in each switching cycle. The worst case
occurs at the crest point of i;,,, when the converter operates at maximum duty cycle. At

the crest point iy, eny is ‘Ip’. So at crest point (ton + torr) is just equal to (1/2Nf) at
boundary condition. Where, f is utility grid frequency, N is number of switching cycles

during half cycle (1/2f)' So, at crest point,

Ip
ton = Ly —
ON m Vin

Ip N
t =L, ———, Where, N, =( Z"/ )
OFF " NtrVgrid_peak i Ns
Hence,
ton t torr = (l/ZNf)
Ip Ip 1

L,—+L,——<
m Vin " NtrVgrid_peak ( /ZNf)

1 1
T 1
bmlP (vm TN, ) < ("zny)

gridpeak

Vin Ntr Vgridpeak

Ly <

< PP - 17 £ T I ¢
ZNpr (vin + NtrVgridpeak)

31




Page |32

e Matlab simulation study of Single-stage inverter (At DCM):

Here for simulation we have taken v;, = 100 Volts, Vgridpeak = 100 Volts, N, = (g),

) B ~ _ (fsw\ _( 6k
f = 50 HZ,f_;-W = 6kHZ,Ip = ZOSO;N = (ﬁ) - (2 X 50)

Hence, from eqn. 5.1,

LmSn(%) x50x20x(100+(§)x100)

100 X (g) x 100

L, <0.32828 mH
So for DCM we have taken L,,, = 0.3 mH.

£

Bl

i 100 \bles

|
T

R
5
= s
Hlis
] =T
EB'jjIEB'j

>
|

R}

0

z5 ]

Grid connected Single-stage inverter (Discharging mode) , Figure 5.2
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' | | HH i R HHH] 0 - i

0.02 0.025 003 0.035 004 0045 0.05 0085 006

Switch current waveform for fsw=6 kHz (At DCM) , Figure 5.3

de link voltage

D.C. Bus voltage (Volts)

Time (Sec.)

Dc bus voltage waveform, Figure 5.4
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Output Voltage
(x10 Volts),

D.C. Link
Current (Amps)

Output Current

(Amps)

Grid Current (Amps)

output vollage, output current

Time (Sec.)

Simulated waveform of a) dc link current, b) output voltage(X10) & output current, c) grid

current at discharging mode, Figure 5.5

i

e
s 2K
=y
e

B
In=aly
H %I:s

=
—4

Seoped
Scape2

==
el

Single-stage inverter at charging mode with fin=6 kHz, duty cycle=50%, Figure 5.6
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dc link current

D.C. Link
Current (Amps)

12
| | | | | | | | |

output voliage, output current

Output Voltage
(x10 Volts),
(Amps)

Output Current

[3 001 0.02 003 004 005 0.06 007 0.08

Grid Current (Amps)

Time (Sec.)

Simulated waveform of a) dc link current, b) output voltage(X10) & output current, c) grid
current at charging mode of Single-stage inverter, Figure 5.7

-25 —

Input Current (Amps)

40
0025 008 0.035 004 0045 005 0.055 006

Time (Sec.)

Input dc current waveform of Single-stage inverter at charging mode, Figure 5.8
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e Description of three phase unfolder bridge operation with single
stage Flyback converter.

Vab Vhc Vea

Q2 Q6 Q1o wt

¥
W

M S R
* Q3 a7 a1l
£ 4@3 4@3 Q@ | | a1 | Q2 | a3 | a3
Q3 Q2 Q2 Q3 Q4 Q4
Ver Q7 |a7 o6 | @5 | a5 | @6
D2 Q4 D4 Q8 D6 Q12 Q8 8 Q7 Qs Q6 Q7
—@5 —@3 —@X Qo | Qo | a1 | qi1| qio| Qg

Q10 | Q11 | Q12 Q12| Q11| Q1o

— Vo1
WL | w2 | w3 | wa| Ws| We | — v,

Az

Three phase Unfolder Bridge with graphical representation of its operation, Figure 6.1

Two Flyback converter output currents are modulated as required dc link currents to
produce the desired sinusoidal ac line currents. Switching sequence of three phase Unfolder
Bridge is arranged in such a manner that the time varying current of Flyback converters is
reconstructed into sinusoidal ac currents by the unfolder. In grid-tied configuration, the
supplied ac voltages are rectified into time-varying positive voltages in the dc-link. By
generating dc-link currents with the appropriate time-varying wave profile using two
Flyback converter, the desired ac currents are obtained.

The unfolder is controlled using a state variable ‘w’. For every multiple of 60 degree in theta,
‘w’ updates once. This produces a sequence containing six states, in each of which a
different set of unfolder switches are activated. This switching action produces a pair of
time varying voltages Vo1 and Vo; in the dc-link as shown in the figure. The dc-link voltages
overlap with portions of the line-line voltages.
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o° 60° 120° 180° 240° 300° 360°

Ql

Q2

a3

Q4

L
Q> .
Q6

Q7

Qs

@ -

Qlo0

Qll

.O‘ .O‘ D‘ D‘ D|
I

1=Q3
2=04
5=Q7
6=Q8
9=Q11

jo
[

Q12 0=Q12

Pulse Sequence & pulse relation of switches of three phase Unfolder Bridge , Figure 6.2

So, from pulse sequence table and pulse relations, by creating pulses of Q1, Q4, Q5, Q8, Q9,
Q12 and by applying inverted pulses of them on remaining switches as per the relation, we
can operate the three phase Unfolder Bridge.
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& |
ST @ @ .|
4 4
= = =
3 i | i

Matlab model of three phase Unfolder Bridge, Figure 6.3

Window 1 operation:

v+ i1 -

Yor— © | @ g
4
= o] e
Vo1 A v v v
L4 @v R ¥ v _'_I:%
L BEre J8le S8,
<i3 LA | + | | +l | v
M
Vo2 4z|;gj¥1 — iy —ih
< 1 = ) 3
4
o T T

Unfolding bridge operation at window 1, Figure 6.4

During window 1 operation Q2, Q3, Q7, Q8, Q9, and Q10 is on and through two antiparallel
diodes as shown in the figure, bridge current flows through the three phase grid. Hence,
from figure in=is and ir=-ivand grid voltages appears across two dc buses through line
inductance as Vo1=Ver and Vo2=Vry which is synchronised with two Flyback converter output

voltages.
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Window 2 operation:
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&) if - | |
ST @ = )|
= =y =
Vo1 j‘ —t A j‘
v _ﬁ% b v v _ﬁ‘
. BEFe B =Bl B &,
< 1 A
2 H t4
*§ v
Voz — —h] ¢ —“1:@:[4
] & ] o>
_
P < T ! T

Unfolding bridge operation at window 2, Figure 6.5

Similarly during window 2 operation Q1, Q2, Q7, Q8, Q10 and Q11 is on and through the
shown antiparallel diodes bridge current flows, ifi=ir and ir,=-iy and thus Vo1=Vrs and Vo2=Vay.

In this way all the six windows continues periodically and Flyback converter with three
phase unfolder, feeds power to the grid synchronously.

i

wt

~b| s

w1 W2

w3

W4 W5

W6

—_ if1

— {2

dc link currents(is; & if2) and reconstructed ac currents(i,, i & ic) , Figure 6.6
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e Matlab simulation study of single stage three phase system.

3 phass unfokder

Phasa i

L]

Pram A1

powergui
ek
L o
s : 1l
=
AZ | I
£
my a2
%%bz
1 4 Yo Ya
.
e

= W%

.||_

| EMS 214

3
I‘@@ [
&

Flyback converter with three phase unfolder with three phase star connected R-L load,

Figure 6.7

Output
Line Voltage
(Volts)

Two dc bus
voltages (Volts),

Output
Line Voltage
(3 ph) (Volts)

Grid
Current
(Amps)

—

Time (Sec.)

a) Output Line voltage, b) 90 degree phase shifted two dc bus voltages (f=150 Hz), c)

Output line voltage (three phase), d) Output load current (three phase) , Figure 6.8
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Flyback converter with three phase unfolder (Grid connected, without transformer) ,

Figure 6.9

Output
Line Voltage
(Volts)

Two dc bus
voltages (Volts)

Output
Phase Voltage
(3 ph) (Volts)

Grid
Current
(Amps) 3

—

Time (Sec.)

a) Output Line voltage, b) 90 degree phase shifted two dc bus voltages (f=150 Hz), c)

Output phase voltage (three phase), d) Output load current (three phase), Figure 6.10
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Matlab model of three phase scheme, Figure 7.1

In the proposed three phase scheme, three Flyback inverter output is 120 degree out of
phase from each other. Output of these three Flyback inverter is fed to the grid through a
three phase 1200 by 600 Y-Y power transformer and line inductance L, = 0.5 mH. Input is a
PV panel and peak value of grid voltage is 100 volts.

Sinusoidal Current reference for three Flyback inverter is generated from three phase grid
through d-qg control loop and current of the inductor is tracked using a hysteresis band
current controller.

e D-Q control theory:

Vtabe Vabc

Three phase

Vac= system
(DCto AC) Three phase
grid
dfig]
[Vtabc] = [Lt] < df ) + [Vabc]
Vel [Lea 0  O7[ia] [Va
Ve =[0 Ly O []iy|+ Vb]eqn71
Vel Lo 0 rLedlp|

Lig =Lty = Lie =L
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w |t 2 3
[”fﬁ]zl V3 3|
0 - -3

Hence, from eqn. 7.1,

dli
[Vtabc] = [L¢] < c[llf]> + [Vanel

C]_ [Vta’ﬂ > 1[Vaﬁ]
Veag] = [CIILICT- ( )+ )

Via] _ L 07[la] | [Va

[Vt/;] = o L] Lﬁl + [VB] PSRN -7 | { I AV

Rag = e/“'Ryp
Rap = €/*'Ryq
Hence, from eqn. 7.2, in complex form,

. d(iq + ji .
(Voo +jVep) =L <#) + (Ve + jVp)

. d(e/®t(i, + ji .
e/t (Vg + jViq) = L< ( (d‘i / qD) + e/t (Vg + jV,)
. . d(e/t(ig + jig)) .
(Vea +jVig) = 1th< 7 =)+ (v +jVy)

. . _(d(iy +ji
(Vea + thq) = g Jut], <jwefwt(id +jig) + e/t (%)) + (Vg + na)

(i + if
(Ve + jVeq) =L (ja)(id +jig) + (%)) + (Va+jV,)

, diy
th = —leq + LE + Vd T PP -1/ (B 7.3.1
o dig
th = led + LE + Vq PP <17 [ B 7.3.2
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Thus the KVL in abc frame is transformed into d-q frame where all terms are dc quantities.
0.

dig _

dig
So, at steady state T 0 and It

Hence from eqn.7.3.1 & eqn. 7.3.1, at steady state the KVL in d-q frame is,
th = —(I)Liq + Vd
Vig=wLiz+V,

These equations are very useful for close loop control purpose as all terms are constant (dc).
So, we can use set point controller i.e. simple PID controller. Here we have used only 1I=1000
in place of PID. Thus from this d-q frame equation we can get d-q voltage of DC to AC
converter three phase output voltage.

Rop = /'Ry,

[Ta] _ [coswt —sinwt] [Ta]
s sinwt coswt 117

N

w

1

~alm e

W = W=

ra
TC
V3.
Thus by using above two transformations on d-q frame equations and dividing them by peak
voltage of grid we can get Ua, Ub, Uc which is used to generate rectified sinusoid current
reference for three individual Flyback converters respectively.

e P-Q control:

3 *
5= (Y

* 3 *
5= 5) Vet

3
(P =) = (5) (Ve = %) (fa + 1)
P= (;) (Valg + Volg) e oo oo o oo s s e e qML 7,401

3
Q= (E) (727 P /% ) Y -Y: W .
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It is possible to make V, = 0, when the rotating frame alignment at wt = 0 is 90 degrees
behind phase ‘a’ axis, a positive-sequence signal with Mag=1 & Phase=0 degrees yields the
following d-q values: d=1, g=0.

Hence, from eqn.7.4.1 & eqn.7.4.2,

= Q) s~ B) (2

Uagres — 1a) & (Igrer — Ig) is fed through Pl controller and added with the d-q axis KVL
equation. In this way we can control the output voltage to get desired P and Q value. Here in
the system P value is controlled by controlling the value of current reference.

rr= \/Idrefz + Iqref2

By varying current reference value of the converter proportionately with I* value we can
vary the amount of current drawn by the converter in a short range.

F—
——4 o
x
() Tw«‘_
. B} <t &
~
<}
=

P-Q control block, Figure 7.2
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e Matlab simulation study of three phase scheme.
S R T
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Output voltage and grid current waveform, Figure 7.3

— h L\k |
_g_ {idiiiANARstanasssnanaanns T P R e ey HHTH T
g w0

Time (Sec.)

P-Q curve, Figure 7.4

So, by setting P=500 and Q=0 we are getting output power as 500 watts and Q=0 Vars.
Changing the P value to 1000 and again returning to 500 we are getting output power at

steady state accordingly as per the reference P.
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Single-stage inverter is suitable for low power application. It is different from conventional
dc to ac converters which uses a separate dc/dc converter to stabilize PV cell output voltage,
step up/step down operation before conventional inverter as those inverters are step down
inverters. Thus due to two stage operation is less efficient for power transfer from non-
conventional energy sources to utility grid. On the other hand Single-stage inverter is more
compact and attractive can modulate the power full filling necessary requirement i.e. it step
up/step-down and inversion in single stage. Single-stage inverters are derived from dc/dc
converters. Among them DAB driven and Flyback converter topology driven single-stage
conversions are more popular, as those two converters provide transformer isolation
between i/p and o/p and due to high frequency operation, the transformer size reduces
drastically which makes the system more compact and efficient. DAB converter can provide
bidirectional power flow. As DAB has only step down property, to match output voltage with
the grid voltage we have to use high turns ratio transformer. But Flyback converter has both
step-up and step down property it does not require high turns ratio to match with grid
voltage. Thus in this thesis we have concentrated on Flyback converter driven single-stage
conversion. Flyback converter can be operated in both CCM and DCM. DCM is preferable for
its better performance to generate smooth sinusoidal grid current, though DCM gives more
current spikes which gives stress on switches, is not in CCM. Hence BCM (Boundary
conduction mode), which is boundary between CCM and DCM i.e. when the magnetizing
inductance current hits zero, the primary switch turns ON again, is the best mode to operate
Flyback converter. Though BCM has sophisticated control strategy but is less complicated
than control in CCM. There can be also done paralleling between two Flyback converters,
which is known as interleaved structure can reduce the current spikes and stresses on
switches in DCM. By operating secondary switch we can get power flow from grid to

battery. Here in this thesis we have extended inversion operation to three phase. Similar to
conventional grid connected inverter control for grid synchronisation and active, reactive
power control we can apply similar principles on three phase single stage inverter. In future
it is the aim is to operate Single-stage inverter in high power application.
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