waMPE,y

T2
JE)
%, \\ b( 4 : ¥
‘L“o, ) ,o“f
o, eloctron'®® g

U Sh
cdAC

PLL and Grid Synchronization

by
Subhash Joshi T G
Email: subhashj@cdac.in

1 of 63



waMPE,.

SUMMARY OF PRESENTATION
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What is unit vector ? Varidi oo toso

4.00

» Two unity magnitude fundamental
sinusoldal quantities, which are displaced ;. |/

by 90° from each other 00

-1.00

» One of the unit vector is in phase with grid .;u
voltage 200 : : :

> This should be free from harmonics Y e T

» Phase angle error from grid voltage should be minimum

Significance of unit vector ?

» STATCOM is an independent voltage source

» Unit vector helps to synchronize STATCOM voltage and Grid
voltage

» Also unit vector is used to extract the active and reactive power
component separately

» It Is also used to separate the individual harmonics in case of
active power filters




Transformations . DAC
> 3¢ to a-p transformations XB """ T <\e
xa:xR—%(xY+xB) o s
X, = ?(xY ~Xg)

»a-f to D-Q transformations

IS i

D axis

»U, and U, unity magnitude <

components, where U, lag U, by 90°
»For grid connected system U, is
aligned along R-phase grid voltage
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(‘y Unit vector for Balanced/Unbalanced conc

Grid condition
> Let the grid voltages are,

Ve =V, sin ot

V, =V, sin( w,t —120)

Vg =V, sin( @, 1 +120)
» Objective,

U, =sin ot

VR_>

— V

Vy — 30 \ a-

VB_>

U, =—cosao,t

» Apply three phase to two phase (a-p) transformation,

V, =V, —%(\/Y +V;) :gvg sin ot

V3 3
Vv, =7(\/Y -Vg) = —EVg Cos w,t
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(‘f Unit vector for Balanced/Unbalanced
Grid condition

CcOAC

» If U, and U, are known then Va and V; can be transformed to

D-Q axis Ve—N aslv, Nool V.
» Assume U, and U, are known, then b — M
p1OL- E—
|:Vd:| _ |: U1 U2}|:Va} Vgl Ve : Va
Vq _U2 Ul V,B U U
1 2

> Let U, is not synchronized to V and its frequency is o, then,

gvg Sin w,t

|

{sin wit  —Ccos a);t}

Vq COS a)ét sin a)ét

— gvg COS a)gt

3 ,
EVg cos((w, — wy)t)

3\, ,
EVg sin(( @, — wy)t)

» When U, gets synchroniz_ed with Vg, then w =0, and,

3
2V
0

|

Vy
Va
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¥~ Unit vector for Balanced/Unbalanced conc

Grid condition

» It V, = 0Is ensured, then U, will be synchronized to Vg

» To ensure V, = 0, feedback with simple Pl-controller can be
used

Vg— a-B Ve |\D-Q Vg

Yy 3¢ —lo-B e®), +ﬁ
U, U, 0

» PIl-controller will be sufficient,

» Since V4 and V, are d.c. quantities and variation in e(t) with
time is minimal

8 of 63



Unit vector for Balanced/Unbalanced g@?ﬁ

Grid condition

» What should be the output parameter of Pl-controller ?

>

>

YV VYV

Pl-controller performs well when the selected output parameter magnitude
swing is minimal

Our objective is to obtain U, and U,, but they are sinusoidally varying
guantities and results in large swing in magnitude

The angle of U; and U, are also will be varying with time in large extend

Instead the frequency of U; and U, can be thought of selecting as output
parameter of Pl-controller

U,=sinat, U,=-cosat

Ve—\ o-B VoI \D-Q [ Vs

Vy

3(1) ﬁ‘OL-B —— e(t) k -|—£—(D>
V= VB 1 1 Vq P S

u, U, 0

9 of 63



waMPEy

@? Unit vector for Balanced/Unbalanced conc

Grid condition

» What should be the output parameter of Pl-controller ?
> If the grid frequency variation is minimal, then

» Pl-controller performance can be further improved by selecting the output
of Pl-controller as Aw (variation in grid frequency) instead of absolute grid
frequency, ©

Ve—\ o-B [Vo_]\D-Q| Ve
Vv 3 loe o) ) +ﬁ A® 1ot
Ul U2 O wref
Uy «— Lookup |

o, IS the nominal grid frequency U, — Table

10 of 63



=7 Unit vector for Balanced/Unbalanced coac

Grid condition

» Design of Pl-controller constants ?

» Attime t=0, let grid and unit vectors (U, and U,) frequency be o,

» Attime t=0%, grid frequency changed from @, to a)é and unit vector
frequency remains at o,

» 3¢ to a-f transformation of grid voltage is,
3. . 3 ,
V,=-V,sinat, V,=--V cosawgt
2 2 g g

» a-B to D-Q transformation gives,

3. . .73 |
{Vd} {sin ot —cos a)gt} SVeSinagt || SV, cos((@g —my)t)

V, cosaw,t  sin ot _gvg cos wt gvg sin(( w, — w,)t)
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> Hence Vq IS,

V, =

VR((D,g) e

VY((D,g)—>

VB(OD’g) =

3

-
3¢

Grid condition

» Design of Pl-controller constants ?
» Assuming grid frequency variation is minimal, then

sin(( w, — o, )t) = (o, — W)t

Vo(@'g)

Va(o'g) L,

EVg (C()(;l — G)g )t

D-Q

Vg

13

7)) .
«“y 7 Unit vector for Balanced/Unbalanced conc

3
Sy
2

g

cos((w, — w, )t)_

sin(( w, — w,)t)

@ e(t)
y Vq

0

Ui(og) Uy()

kp+£&'(%)_1 !
s S

®

ref

U, (0g) «—

Uy(og) «<—

Lookup |
Table |
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Grid condition

» Design of Pl-controller constants ?
» Assuming grid frequency variation is minimal, then

Sin(( a2, — o, )t) ~ (@), — o, )t H 3V, cos((al ~0,))

> Hence Vq IS,
g

gv sin(( @, -, )t)

3 , -
Vq = EVg (C()g — a)g )t

VR((D,g)—P a_B Va((D’g) : D'Q Vd:

VY((’),g)—’ : k 1|t
) 3¢ »OL- of— e(t) b AO) - g:

Vg(® g)—’ VB(co’g) OL‘B ‘ Vq % kp T S @ S

0 Q)

ref

Uy(og) Up(ag) Us(®g) “—{ L ookup |
Uz(wg)‘_ Table

13 of 63
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» Design of Pl-controller constants ?

» Assuming grid frequency variation is minimal, then

sin(( w, — o, )t) = (o, — W)t
» Hence Vs,

3 :
Vq = EVg (C()g — a)g )t

13

@?‘% Unit vector for Balanced/Unbalanced conc
Grid condition

3
Vo] _ 5"
v,|7| 3,

2

g

g

cos((wy — w, )t)

sin(( w, — w,)t)

@ e(t)
Vq

0

Ao 1 a)gt
% S

®

ref

14 of 63
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(\‘5 \ Unit vector for Balanced/Unbalanced conc

Grid condition

» Design of Pl-controller constants ?

» The block diagram can be further reduced by removing the quantities not
taking part in transients

> o, IS constant and no effect on transients

» Once grid voltage is changed from @, to a)é a)é
can be assumed to be constant

» Simplified block diagram is,

Vgrer=0 kil |1 e(t) Ki I A® 1ot
e R ;
< 5

\ A{*®]

4

15 of 63




@y Unit vector for Balanced/Unbalanced cpac

Grid condition

» Design of Pl-controller constants ?
» Open loop transfer function of the system is given by,

3., ( Sk, +k; \'1 V=0 k.| |1
G(S)H(S)ZEVQL pS j(gj a —>®—>kp+ < ¢g >

G(s)H (s) = gvg

16 of 63
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Grid condition

» Design of Pl-controller constants ?

» Find asymptotic bode plot of the system, ( \

> For zero: S 41
> Corner frequency, @, =K; /K 3 ki /k
> Magnitude plot; +20dB/decade G(s)H(s) = Evg : >
» Phase plot: +45%decade S

» For poles: L /\/kT y

> Comer frequency, @, = /K

» Magnitude plot: -40dB/decade
» Phase plot: -180°

17 of 63



waliPE.

(‘f 7 -Unit vector for Balanced/Unbalanced conc

”’ Grid condition

electron

» Design of Pl-controller constants ? . k;’k +1
> Closed loop system will be stable, GH () =2V, =
> If the open loop gain crosses 0dB (unity (%\/kij
gain) with -20dB/decade and ensuring '
atleast -135° Phase margin 100 -

» If o, > o, leads to a phase
close to -180° makes system
prone to unstable

» Hence to make system more

2
stable, keep o, <= o, 10

» Since phase plot of zero has a
slope of +45%decade, for o, = 100 -
o, the phase is -135° leads to
phase margin of 450

=

—

=

=
|

Magnitude (dB)

-100 1

Phase (degree)

-200
2 1 1 2 a4
10 10 10 10 10 10 10
Frequency (rad/s) 18 of 63




(‘y Unit vector for Balanced/Unbalanced conc
Grid condition

» Design of Pl-controller constants ? .
> o, = o, implies, SlElRlE) ==V

=k
kp
k|o:\/k/i

» One more component present
in the open loop transfer

-100+

Magnitude (dB)

function is 10" 10 1@” w0 10° 10”0’
3 t Frequency (rad/s)
AL S .

» This will not affect the phase
plot, but gain cross over
frequency will be pushed further
away increasing the bandwidth
of the system

Phase (degree)

-100+

-200

Frequency (rad/s)
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('y Unit vector for Balanced/Unbalanced conc

Grid condition = Jk

» Defined as the frequency at
which the closed-loop 20dB/dec
magnitude is equal to -3 dB -40dB/gec

» For phase of -120°, the open
loop bandwidth and closed loop
bandwidth are found to be
closer

» Since gain at\/lTi Is 0dB, the
gain cross over frequency of
open loop system is,

a)g:\/kfi

» Find system bandwidth ? |
A~===> Gain = 0dB

-100+

Magnitude (dB)

Phase (degree)

-100+

-200

Frequency (rad/s)
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(‘f Unit vector for Balanced/Unbalancec

Grid condition

» Find system bandwidth ?
» The modified crossover

frequency considering 3/2V, is,

» Gainat o, :\/E IS,

3
20log (Evg j

» Galin at new crossover
frequency @;) is 0dB

» Slope during this time is
-20dB/decade

0-20log Gvg j

log @, —log (/k, }

=—-20

Magnitude (dB)

Phase (degree)

-100+

-100+

-200

CcOAC

I(|o:\/k/i

g““' Gain = 0dB

-40dB/dec

20dB/dec

Frequency (rad/s)
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(‘f 7 -Unit vector for Balanced/Unbalanced conc

Grid condition = Jk

» Find system bandwidth ?
A~===> Gain = 0dB

» The modified crossover
frequency considering 3/2V, is,

, 3
Wq :Evg\/E

» Closed loop bandwidth (appx.)

IS, 3
BW =~ VK,

-40dB/dec 20dB/dec

-100+

Magnitude (dB)

» Once the bandwidth is fixed
proportional constant (k;) can
be found

Phase (degree)

-100+

-200

Frequency (rad/s)



Unit vector for Balanced/Unbalancec g@%ﬁ

Grid condition =k

P

» How to fix the bandwidth ?

» Bandwidth is decided by the harmonics present in V, and V, components
as well as the response time requirement in transient conditions

» For a balanced three wire system the minimum harmonics expected on
V4 and V, are 300Hz (transformation of 5™ and 7™ harmonics)

» Here bandwidth of 30Hz to 60Hz will be sufficient for proper
attenuation of harmonics in grid voltages

» In Summary:
» Based on the application and transient requirement fix the bandwidth

> If grid voltage peak is known, proportional constant (k,) can be found

BW
K, =5
%V
29
» Once k; is known integral constant k; can be computed

2
k =k,



Unit vector for Balanced/Unbalanced g:iizg

Grid condition

» Unit vector under unbalanced grid condition ?

» Under unbalanced grid conditions, the grid voltage contains fundamental
positive sequence as well as fundamental negative sequence components

» Let us construct the unit vector such that it is synchronized with
fundamental positive sequence component

> As earlier fundamental positive sequence present in the grid voltage when
transformed to D-Q reference frame reflected as d.c. component and
fundamental negative sequence present in the grid voltage reflected as
100Hz component

» Since we required only d.c. component in V,, 100Hz component can be
easily removed by using simple low pass filter of corner frequency around
10Hz
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(\ﬁ 7 Unit vector for Balanced/Unbalanced conc

Grid condition

» Unit vector under unbalanced grid condition ?
> o Is the corner frequency of low pass filter

» Low pass filter will not affect the information of fundamental positive
sequence, as it is a d.c. quantity

VR — N -l Vo ND-0| Vs

y 130 Ja-p s e(®) |\ +ﬁAm 1| ot
B > VB ‘ ‘Vq S+ @ P S S

0 (Dref

Lookup
U, «—| Table

y

25 of 63
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«‘«w 7 -Unit vector for Balanced/Unbalanced conc

Grid condition

> Test results

» Transient performance analysis carried out by simulation using PSIM
simulation package

3¢ Grid

LN NN
ANIAN VAN

RERYARVERYAY < /N

N ZANANA DA AA

Unit vectors | |

SN XN XN XN
VAN /NN NN SN
J/S NN\ S NN S NN\ S NN\
AN A N A AN A

OI] T\ﬂel@ UF
v v
50% step voltage sag Voltage restored

appeared in Vi and Vy 26 of 63




(‘? 7 Unit vector for Balanced/Unbalanced conc

Grid condition

> Test results

» Transient performance analysis carried out by simulation using PSIM
simulation package

3¢ Grid
N N N s W
; VAN aNVAN PN e /
200 NN N N N N N
o0 L — NS
Unit vectors
TN XN\ pay N
. /N N\ 7N\ N\
ws |/ NN\ /o N\ e\
L X/ N X X
ot |
0.36 0.38 0|4 Time (8 0.42 0.44 0.46

I
v

Step change in frequency (from 50Hz to 30Hz)
appeared in Vg, V, and Vg

27 of 63



)y Unit vector for Balanced/Unbalanced coac

) Grid condition

electron

» Test results
» Unit vector implemented for unbalanced grid condition in TI's DSP

TM8320F2812

i Tria'd I Pos: 1.400ms MEASURE
Tek il Tria'd 1 Pos: 9.600ms MEASURE Tek . ol o + .
CH3 Unit vector  Grid voltages
Grid voltage = cyehms
/ B33y
CH3
Freq
CHY Ly RMS
3 & Cyo BME £1.0mY ¢
237y CH
CHY Ly RME
Freq A1
43,70z CHa
. CH3 P-Fk
Unit vector Mak 2064
102y CHZ 200% M S00ms
A el O 2 CH3 200Y  CH4 5009 20-May-13 1011

CH3 S.00%  CHA 100y 10-May-13 1145 45.7063Hz

Balanced grid voltage Vg and Vg are nominal, V=0

Tek _Ml‘lm Tria'd M Pos: —200.0us ME&SLIRE
Unit vector * \lwt
\ CH3
Freq
45,75Hz
/ CH3
3 Cye: RME
/ Ty
\/ CH2 0ff
Cyi: B3
Unit vector and angle wt 28 of 63

CH3 500 30-Mar=13 1703 43,7506Hz
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(‘ c3)) A Simple method for cOAC

Unit vector in Balanced Grid condition

» A simple method exists based on trigonometry to compute
unit vector for balanced grid condition

» Transform three phase grid voltage to a-3 co-ordinate

s
electron'™

(04

3., .. 3
V. (t)= >V, sin ot V,(t)= ~5V, cos oyt
» The output of Low Pass Filter (LPF) is given by,

V5= 2,6 V)= v, 6)

c c

S )
VR_’ a-B V” > lﬂ—;
S+ @
V —
Y 3¢ 5
V — > f’
B VB S+a: |V B

29 of 63
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Unit vector in Balanced Grid condition
» Output of LPF in time domain is,

\/vaa)) sin (o t—¢) V) (t)=— \/vaa)) cos(a,t — )

where, tan ¢ = —

@,
>V, (t) andV(t) are always 90° displaced =
|rrespect|ve of grid frequency and corner '™ | »
frequency of LPF os0 |/

> At the zero crossing of V,/(t), V (t) will be -
In peak and vice versa o

> Unit magnitude of V,;(t) and V,(t) can be .
obtained by dividing the term by its own M e
magnitude,

electron'™

-0.a0

30 of 63
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A Simple method for

» Block diagram of unit vector construction

Xy
TR
Ve— N orp e S VO] [Zzcp| [s&Hl—[aBS]
S+ Trigger
V., ——>
Y 3(|) S >%Tri ger
——p > = »
Vg V, stV Z(I:D SciLH YABS
2
"X, 1Y
X, 21 V>

CcOAC

Unit vector in Balanced Grid condition

U;(t) =sin (w,t - ¢)

IS

U (t)=- cos(a)gt — ¢)

31 of 63
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Unit vector in Balanced Grid condition

» Let us perform the following operations,

electron'™

F (1) =V, (1) =V, (1) .
3 30
K/Evg a)C ] 20
— > > SIn (a)gt + ,0) g

\/a)c T a)g g O45 46 47 48 49 50 51 52 53 H 5: —55

RO =V O+, ) =
%_V C() -40 T i : T : ° + * ; e
COS(a)gt + /))_50 Grid frequency (Hz)

\/(() -I-CO

where, tan p =

(O +a)g

» Phase angle (p) is minimum when o.=2750
» For o.=2750, pis zero when grid frequency is 50Hz 32 0f 63
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Unit vector in Balanced Grid condition

» Complete block diagram of unit vector construction

where, ®.=2n50

I I X T, U,(t)=sin(w,t+p)

V, EE \’ Y,
Vg—s o-p : s+ "2’@: >—— ZCD S&lT_Irigger ABS
Vv 30 S >%Tri ger
Vg > — —— ZCD S&H 1ABS
] A

Vg [s+ax 7

e
X, U, (t) = —cos(a)gt + p)

» This method will introduce a small phase angle error when grid
frequency varies 5

» Each harmonics is reduced by > When compared to
fundamental 1+h

33 of 63
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Unit vector in Balanced Grid condition

> Test results

IIIIlIIII_IIIIIlIIII_I IIIIII_IIIIIIIIII_IIIII

G |d volta Q

I:IR: A I 5 3ol -5 1
_2;'3155'31 5V':lt 15$ ||||| ll.Jlr]!tI:IYIeIICItIOIr:I




SESSION 2

UNIT VECTORS FOR SINGLE
PHASE GRID

U Sh
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Overview of the presentation conc

» Constructing two unit magnitude 90° displaced components
» Mitigating the effect of grid frequency variation

v’ Approximation method

v'Rigorous method
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Overview of the presentation conc

» Constructing two unit magnitude 90° displaced components
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Innovative method for constructing  ©onAcC

unit vector

» Let R-phase grid voltage be, Vi =V sin(wgt)

» Let the above voltage is passed through a LPF of corner
frequency, o,

» Using Laplace analysis
V, 0.0 1 %) @ S
Fr(s) = gz : 52{ +( Cj 2 ; 2 2 ZJ
s +0; \ St0¢ Ws )S"+wgs S+ g v

» The steady state output, Fx(t) Is given by )

A\ 4
+
> *~— FR

V. o
FR(t)lsteady = s

2
\/a)s + @

» Transient term of Fx(t) is given by,

sin(wt—¢) and tang="%
2 a)C

Vg D5 —apt

F_(t .= e
R( )ltran5|ent (a)cz "‘C‘)SZJ
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constructing unit vector (contd.) CDAC

> Let the Fx(t) is again pass through a  FrOleay = %sm(a)gt—cff)
LPF of same corner frequency, o, e [

: a) l - a) \
VR;“é SC : +:é SC Fr

R

Vg = Vg sin(ogt)

» Using Laplace analysis

' 1 1 1 S 1
e | et ST v e )

» The steady state output, F;'(t) is given by

, 2 2 - 2_ 2
Fe (t):‘(wvzgfcw sjeoslast+y) and cosy =70, SW%ZZuZZZz%
S C S C

» Transient term of F;'(t) is given by,

Vo-lo —
, _ Vg@cTog 2 2 @t
|:R (t)ltransient_ 2 (ZCOC i (a)c i a)s jtJe i
(a)c +a)32]




constructing unit vector (contd.) CONC
> Subtract F;'(t) from Fi(t), let the A /1 S
result be F ’() Fe (t)= ( Sz+wcz)cos( )

g SIN(wst)
o @c l ré Dl | ..
R S S R
Q.

» The steady state output, F;"(t) is given by

" V
Fe (t)z( gzwcwsz)sm(wstw) and cosw:( Zf)ca)s 2), sin y =

(0. - o)

WD — Wy
2

(g -|-6()C O -|—a)C

2
@s” + oo’

» Transient term of F;"”(t) is given by,

(/0)52 —wczj + t}e_wct

(wc2+a)52) ¢

” B Vg D Wg
Fr (t)ltransient_ (G)CZ _'_a)SZ)
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constructing unit vector (contd.) conNC

» Comparing steady state term of F;'(t) and Fg"(t)

2
V, 0.

Fr (t):_(a) 2g_|_a) 2)Cos(wst+‘//)
S C
4 AN _
Fr (t): (a) > :COSZ)SII‘I (a)st"‘W)
S C

»F’(t) and FR’(t) are always 90°
displaced irrespective of grid
frequency and corner frequency of
LPF

» At the zero crossing of FR'(t), Fg'(t)
will be in peak and vice versa

» Unit magnitude of Fg'(t) and FR'(t)
can be obtained by dividing the term
by its own magnitude

Ve + 4

1.50

1.00

050 |4

0.0

-0.50

-1.00

-1.480

“e té “e F
S | E - S R
R

coss sing

0.0 10.00 20.00 an.oo 40,00
Time (ms)
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constructing unit vector (contd.) cOAC
VR + é O L+ é’a)() { Fe X 1% /Yilf -Cos(mgtty)
S | F, S I I V1

ZCD S&H » ABS

>%Trigger
Trigger
ZCD S&H »ABS

+:® I I :)Z‘/'Y

— .
Fe’ X F, =sin(ost+y)

> Inference from the above result

v F,(t) is phase shifted from grid voltage
by an angle v

Vg =V sin(ogt)



U Sh

constructing unit vector (contd.) conNC
» Inference from the above result (contd.) Vi = Vg sin(ost)
F.(t) = -cos(wst+y)

v If corner frequency of LPF (»,) is set 0 = sinorteu)
equal to grid frequency (®,), i.e. ®.= o, : o

< phase shift v =0 Y o
“F,(t) is in phase with grid voltage cosy =255

and F,(t) is lagging the grid voltage by 90°
» Fix the corner frequency of LPF (®,) Is equal to o, = 2150

rad/sec, where grid frequency f, = 50Hz

» Let Grid frequency varies a maximum of +£10% (45Hz to
55Hz)

» Phase shift, y = 6° for -10% of grid frequency variation
» Loose the proper synchronization



» Phase error with variation in grid frequency

=&=1ph without comp

constructing unit vector (contd.)

-~

CcOAC

E\

= N (48] BN [da} [op}

phase error

1
N
1
LI
H
o
N

[op} [da} S (4%} N = [«

-
T

% ge of grid frequency variation

44 of 63
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‘ Overview of the presentation COAC

» Mitigating the effect of grid frequency variation
v’ Approximation method
v'Rigorous method

45 of 63
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constructing unit vector (contd.) ConC

eloctron'™

» Mitigating the effect of grid frequency variation
v Give a Ao variation for the grid frequency o, in the peak
of Fr"(t) o
] ] _ _ Vg = Vg sin(ogt)
v’ Substitute o= wg and solving will give  _ "(1)= Va0

ﬁ fO (0)52 (0) 2 ’SI l(a)St W)

FR ‘a)s —w.+Aw =

S 2 A 1A 2
.= (0 0
c % 1+(@s}+2{0)s]
\V 2
) — ~ 9 l % I ai
F “"s_“)erAa) = f 2[505] is negligible compare tol
a)C:C()S

v Peak of Fr"(t), F'rpea) iS More or less independent of
grid frequency variation

F rpeak) = V/2 for o, = o

46 of 63
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\F constructing unit vector (contd.) CONC
Mitigating the effect of grid frequency variation (contd.)
» The following trignometric relation can be Vi = Vg sin(ogt)
used to eliminate the phase angle vy F1(®) = -cos(wst+y)
sin (gt +w V, cosy —cos(wst +w V, siny =V, sin ot 207
—cos(@st +y V, cosy —sin (st +y V, sin y = -V, cos st sin /= Zzz ;ijz
” _ 200
> VgCosy = 2F gipear) Y o e
_ . _ FR"t = nga)ca)sz sin (gt + )
» Solve the following mathematical relation 057 + ")
_ Vga)ca)s
NV w.° ‘W a K ([, 2. 2
ZFé(peak) _Vg _ 2g C - _Vg :Vg (C!)CZ C()SZ) R(Dea) (a)c + g J
(a)s T O ) (ws T O ) F repea) = Vyf2 for o, = o
2FS emg —V, =V, Sin R )= 2 et )
Vi w.2
F S

i ~ / " =
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constructing unit vector (contd.) CONC
Mitigating the effect of grid frequency variation (contd.)
v Rewriting the relation Ve Ve Si”(‘”vs‘)m )
sin (wst +y V, cosy —cos(ast +w V, sin y =V, sin ot~ Rlpeak [wc2+cos ]
E _ V@
> Substituting o (jezk) (o6 +s?)
v'V ,COSY = 2F”R(peak) Fq (t)=m5in(wst+w)
vV, siny =25 a — 2FR peato E ()= Vo

N PR 7ycos(@st +y)
ia)S + )

V, sin @gt = U, =sin (gt + 1 ) 2FY sem) — COS(@st + 17 N2Fs pem — 2F e e )

ul=2FR"(t)+2FR'(t)+Z{Fﬁ(peak) cos(a)stw)}

B 2V, 0 \/a)s2 T (a)c — g )2

1=

——— sin(wst+y—0) and tanéd= (2 — o)
(605 + W, ) N
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constructing unit vector (contd.) CONC

Mitigating the effect of grid frequency variation (contd.)

v"Rewriting the relation Ve =V sinfost)
] ) = _ g%
—cos(agt +y W, cosy —sin(wst +w NV, sin y = -V, cosaogt — Rpeakl (o202
. _ Vga)ca)s
. . R(peak 2 2
» Substituting Y (a) w) [oc* +as?)
_ 1) Fr (t): gz - Sz Sin(a)st"‘W)
‘/VgCOSW —_— 2F R(peak) (a)s ‘H‘Zc )
I ~ ! " ' V, @
‘/Vg SNy = 2FR(peak) _ 2FR(peak) Fr (t):_(—)a)szg+a)cz cos(@gt+y)

—Vg cosat=U, = —COS((()St + W)(ZFR”(peak)) —sin (C()St + W)(Z |:R,(peak) - 2|:R”(peak))

U, =2FK ()- Z{FR:’( peak) cos(@gt + ‘//)}_ Z{FR:( peak) SIN (o5t + ‘//)}

2 2
Ayt Jo' +(o; ~,) cos(ost+y—0) and tané = (e~ o)

U, =- 2 2
o+’ 0,
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constructing unit vector (contd.) cOAC

Mitigating the effect of grid frequency variation (contd.)
» Comparing steady state term of U,(t) and U,(t) Ve=Vasin(es)

_ nga)c \/C‘)s2 + (C‘)c — Ws )2

2 2
(@s" + o’ )

sin (ot +y —0)

1

B 2Vga)C \/a)s2 "‘(wc — g )2

t+y -0
(a)s 2 a)cz) cos(wgt +y —0)

2

» Inference from the above result
v U, (t) and U,(t) are 90° displaced

v" At the zero crossing of U, (t), U,(t) will be in peak and vice
versa

v'Unit magnitude of U,(t) and U,(t) can be obtained by
dividing the term by its own magnitude

v U, (1) is phase shifted from grid voltage by angle (y- 0)
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constructing unit vector (contd.) cOAC

Mitigating the effect of grid frequency variation (contd.)
Vg =V, sin(ost)

» Inference from the above result (contd.)

tan @ = (@ ~o,)

v Fix the corner frequency of LPF (w,) is equal w;
to ws = 2n30 rad/sec, where grid frequency f; g, _lo"~o’
= 50Hz 5"+

20 O

v'Let Grid frequency varies a maximum of cosy=r="=;
+10% (45Hz to 55Hz) S

v Give a Ao variation and substitute o.= ®
the phase angle (y- 0)

tan(w—e): tan y —tan @
2 1(Aw

1+tany tan @
1(ij2
2\ w
tan(y — 0 )os-os+a0 = — A [_J and _(_J is negligible compare to1
S

if 2
“e=0s ( (Aa)ﬁ @ 2\ Ds
1+ =
@D 51 of 63
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constructing unit vector (contd.) cOAC

Mitigating the effect of grid frequency variation (contd.)

» Phase error with variation in grid frequency
»Phase shift, (y-0) = 0.32° for -10% grid frequency variation

phase error

E\

== 1ph with comp (appx)

2
J

2
J
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constructing unit vector (contd.) CONC

B ) Fr ea F.(t)
Vi + & ‘ +é’wc—'FR,(t) [ R k)g !

s IF s 1T ] I
) : Y X' > + Ul(t)
ZCD S&H » ABS » ——>{ - —>
>%Trigger +
Trigger R
ZCD S&HH—ABS > - —
_ Y / = Ut
| I I / X 2

P Fr (peak @

U, (t) I I X U, =2F,"(t)+2F, (t)+2 F/ cosloct+y)
, Y 17°"R R stV
7CD|  [S&HIABS /X / Y ]— P P |

>‘%Trigger U2 = 2FR" (t) = 2{FF\:,( peak) COS((OSt + l//)}_ 2{FFg(peak) sin (a)st + W)}
Trigger F1(t) = -cos(ast+y)
ZCD|  [S&H{ABS—IX / Y}— i

vy % sinp F,(t) = sin(ogt+vy)

TR




Qy . . ilkse
‘ Overview of the presentation COAC

» Mitigating the effect of grid frequency variation

v'Rigorous method
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constructing unit vector (contd.) ConNC

s
or electron'®

Mitigating the effect of grid frequency variation (contd.)
Vg =V, sin(ost)

» The approximation made In the earlier 22
. . - ; _\Yc T
dzelilrvatlon \I/S._V | Y = o r o
R(peak) g "9 Sin 4 ) " ( ): Vga)ca)s
V R(peak 2.2
o, =29 i 120 negiig S
FR W, = O = 1j 2(@3} Is negligible comparetol | Va2
Wg = D +Aw i R(peak) _[%2 +‘032j

» The above method is Approximation method
» Another method of finding out Vsin(wst) Is:

V. w V.o
F,(peak) ”(peak) = (a)829+ ;Cz)(a)c +a)s) & F’(peak) ”(peak) = (a) 29+; 2)(0)0 _0)8)
S C
V_  w.”
' " ' " zg : 2 ¥ (a)CZ a)Sz) 2 2
(F (peak)+F R(peak) XF R(peak) -F (peak)) (a)s + @ ) :V (a)C B ) V Sln W
F,(peak) VgC()C2 (G)S + ¢ )
5™ + o)
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constructing unit vector (contd.) CONC

eloctron'™

Mitigating the effect of grid frequency variation (contd.)
VR—V sin(mst)

» Rewriting the relation Vo2
sin (wst +y V, cosy —cos(ast +w V, sin y =V, sin ot~ Rlpeak [w02+cos ]

-cos(ot Vo5t i o+ Ny sy =V, 0050t 1 55

» Substituting Ul=2FR"(t)+ZFR'(t)+2{FI’§(peak)cos(a)st+z//)}
V'V cosy = 2F " ean

{Fﬁe( beak)” ~ FR( peak)zJ Fo ()= 2% sin (ot +)
v Vg Siny = £ (02 +@,%)

R(peak) E Vyoc”

=— cos(w.t
) W) (ws +‘//)

U 2 = 2FR (t) - 2{FF\:’( peak) COS(wSt + (//)}_ 2{FR’(peak) Sin (wst + l//)}

4

(e’ = Ftoen?)
U, =V, sin wgt = 2F4(t)—1 ==L %0 78 cos(wgt + )

F!

R(peak)

2

!/
|:R( peak)

Fl

R( peak)

U = V COSCOSt— 2|:|=;(peak) COS(Q)St-Fl//) {(
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constructing unit vector (contd.) CONC

Mitigating the effect of grid frequency variation (contd.)
» Phase error with variation in grid frequency

»Phase shift, (y-0) = 0° for any grid frequency

\ == 1ph with comp (rigorous) \

phase error

2
o
o
]
~
(o]
(6]
A
w
N
e
o
=
N
w
IN
(6]
(o]
~
0]
©
5
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constructing unit vector (contd.) cOAC

- ‘ - F.
Q) ) , R (peak)
Ve + L +g§>’ ¢ el Xy vl X+ Uy (1)
S |E S 3 I
R Yl +
ZCD| |S&H—ABS
Trigger Y2 I X
+ EA 9
Trigger \£5 XY |
ZCD| |S&H— ABS| Y X | >+
2 v
- XY > X H - U (t
Q) [ ] e O R
> - |2
Fo (t [ y j
R ( ) |:R (peak)
U, (t) I I Y ¥ cosp U;=V,si wst:ng(t)_{(%eaw,‘Fé?pea@ )}cos(wstﬂﬂ)
ZCD S&H—ABS—X /Y — FR(peak

Trigger (F, 2_pr z)
. U, =-V._ cos t=—2F " cos t+ . R( peak) R( peak) Sin t4
>%Tr|gger ) 4 COS @ R(peak) (gt +v) { 2. (st +)

ZCD S&HHABS Y+X/Y >
U,(t) I I X Sinp

F,(t) = -cos(mst+vy)

Fy(t) = sin(ost+y)
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constructing unit vector (contd.) cOAC

Mitigating the effect of grid frequency variation (contd.)

» Test results

v Grid frequency (simulated using function generator)
IS varied at t=t1 from 50Hz to 45Hz

IIIIlIIII_IIIIIIIIIJIIII__IIIIJIIII

IIII!IIII!IIIl: :IIIIJIIII,IIIIIJIIIIJIIII::IIIIJIIIIJIIII_IIIIIJIIll:
2 Uﬁlt‘u’éthﬂ' e

I}Ch‘l zvcnﬁmsf o] 1)Ch1 zven-smsf
MFW|||1||||1||||1||||1||||' MF'

Grid voltage and unit vector without Grid voltage and unit vector with
compensation for grid frequency variation| |compensation for grid frequency variation
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constructing unit vector (contd.) cOAC

Mitigating the effect of grid frequency variation (contd.)

» Test results

v Steady state waveform at 25Hz and 75Hz with
approximation method

|||j||||j||||j||||j||||__||||j||||j||||j||||j||||_ _IIII]IIII]IIII]IIII]IIII__IIII]IIII]IIII]IIIIJIIII

Fy Ref s 2 Vol Sms T S Fy Ref A 02 VoIt 5 ms: T : : :
ey Fef B B YRl Somel Ty 1 b s b ey Fef B BYel Semnsl Tl b s b 1oy
Frequency = 25Hz Frequency = 75Hz
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constructing unit vector (contd.) cOAC

Mitigating the effect of grid frequency variation (contd.)

» Test results

v Step change of frequency from 25Hz and 75Hz as
well as from 75Hz to 25Hz

T : : : : ] El) RE‘I'A: 2 V-:-lf: 1':'1113,5 I . . . .
)IRﬁf'BI:IIEITT:I'Plﬂ 5|mﬁ]|||I--IIII]IIII]III|]||||]||||- _E)IRﬁfIE:IIEIVp]!t] Ill:llmFllll--IIII]IIII]IIII]IIII]IIII

1% Be¥ &: 12 Vol Sms!

Grid voltage and unit vector without Grid voltage and unit vector with
compensation for grid frequency variation| |compensation for grid frequency variation
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‘\(\\g%@f Conclusions ConC

Porer gracerontc®

» Single grid voltage is considered for the construction of unit
vector

» Two unity magnitude fundamental sinusoidal quantities,
which are displaced by 90° from each other

» One of the unit vector is in phase with grid voltage
irrespective of the grid frequency variation
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Thank you

U Sh
cdAC

63 of 63



