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| Grid connected Inverter of PV
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| Inverter Configuration

PV Amray
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A

| > - Impedance measurement
Zdc (t) = Vdc (t) / Idc (t = - i
de (t) = Vdc (1) / Idc (1) Synthesis approach Zac (t) = Vac (t) / Iac (t) Impedance Caculation
(Small&Large signal) - Input & Output Impedance
- Inverter Impedance
- Harmonic Impedance
Verid (t)
\\G/( Vde (1) ! Idc (v) Inverter ! Vac (t) PCC
Solar Cell . . -~
(MPPT & power quality &protection) Tac (t) Tgrid ()
\\T/(

@ | Analysis Approach

Know Power circuit

& Control circuit
State space averaging
Signal flow graph
Bond graph theory

Pdc (t) = Ydc (t) x Idc (t)

11 System Identification

(Linear & Nonlinear)

Pac (t) = Vhc (t) x Iac

Test Condition

voltage modeling
current modeling
power modeling
Impedance modeling

1.Input Change
2. Load Change

3. Islanding detection using

system identification

Vload (t) | Iload (t)
(t)

LOAD

Resistive Load
Capasitive Load

Inductive Load

Nonlinear Load

Linear Tool Analysis

Simulation and Prediction

i, Measured and simulated model output

y(t) =

0025 0.03 0.035 004 0.045 0.05
Time

Mathematical Equation

X(t+Ts) = Ax (t) + Bu (t) + Ke (t)
y(t) = Cx (t) + Du (t) + e(t)

B(a)

F(a)

u(t) +e(t)

Nonlinear Analysis

- Function Analysis
- Chaos
- Bifurcation

- Irreveribility

Impedance modeling (Equivalent circuit) I:?eian?e Plggszelr plot Impedance real-imagine plot
Idc Zs S Im (Vary frequency)
SN LT RMUTL
" “majnitude / Lars e o
Vde  Zp Vac : /
@ ® 0 e
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System Identification

The goal of modeling

v

Collecting a prior knowledge

v

A prior model,

model structure selection

v

Experimental Design

v

Parameter Estimation using observations

1

'

Model Validation

Correction

*

v

Final Model

gl s
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‘ Type of System Identification C

Larna rorthern campas

System Identification

Nonparametric Model Parametric Model

Covariance function

. . : | '
Correlation analysis [ [jnear Model Nonlinear Model

Impulse response

Auto regressive (AR) Nonlinear Output Error Model (NOE)
Spectral analysis _ _
. ) Auto regressive Nonlinear Box-Jenkins (NBJ)
Step response D ‘ . .
T with exogenous (ARX) Nonlinear State space model (NSS)
Empirical Transfer Box-jenkin (BJ) _ _
metion Hetimate Nonlinear Autoregressive
Function Estimate Linear state space el (LSS )
and Periodogram inear state space model (LS5) with exogenous (NARX)

Laplace Transfer function (LTF) Hammerstein

Output Error (OE) Wiener

) . Hammerstein - Wiener
Auto regressive moving

averaging with exogenous Wiener - Hammerstein

(ARMAX) Nonlinear Autoregressive with
moving average exogenous
(NARMAX)
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Discrete Time Linear Model

P

e(t)

C(q)/D(q)
u(nk)
u(t) ) " /L- A(t) y(t)
B(q)/F(q) W
® u(t) —input

® y(t) - output

B ¢(t)- error

Model Structure

Discrete Time Form

ARX

nu

A(@)y@) = Z B (q)u;(t — nk,) + e(t)

ARMAX

A(q)y(t) = Z B (q)u,(t —nk.)+ C(q)e(t)

nu

Box-Jenkins (BJ)

nu (q) A ) i ﬁ (r)

D(q)

Output Error (OE)

()= i (Q)u [(t=nk.)+e(t)

® A(q),B(q),C(q),D(q),E(q) — Coefficient

B q-shift operator



ez Power
==X~ Quality ..

Nonlinear System Identification

Nonlinear

Linear

Hammerstein Model

Input

Linear

Nonlinear

Weiner-Hammerstein Model

Input

Output

RMUTL
— I
| Output ——nput_ Linear Nonlinear | Ouiput_
Weiner Model

Input Output

Linear Output LU Nonlinear Linear Nonlinear | Dutput
Hammerstein-Weiner Model
Nonlinear
Output
Regressor
Linear

Nonlinear Auto Regressive with exogenous Model
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Structure of Hammerstein-Weiner Model

u(t) Inputnonlinearity w(t) Linear x(t) Outputnonlinearity y(t)
Block
Block f() o Block h()
_ [A B C D] .
static dynamic static
B _ B(q) B
w(t) = f(u(t)) x(t) = F(@ w(t) y(t) =h(x(t))

L

Nonlinear block (Nonlinear Estimator)

|

Deadzone Estimator

!
i
i
i
o)

Saturation Estimator

Piecewise Linear Estimator

x3

F3
F2 x4 x5

F4
xl Fl X2

F5

X6
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Nonlinear block (Nonlinear Estimator) —
avelet Network (Wavenet Nonlinear Estimator : WN) X
Wavelet Transform
y=(u- r)PL+Zr_]:asi *f(bs(u- r)Q+(:s)+Zr_]:awi *g(bw, (u-r)Q+cw,)+d
Neural Network (Sigmoid Network : SN)
Input layer Hidden layer Output layer y(u) — (u — r) PL + Z a‘i f ((u — r)le — CI) + d

Input (u) Output (y)

weights weights

Activation function
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oy fit=100*(1—norm(y”" —y)/norm(y—y))  highest

A

1+ %
Final Prediction Error FPE =V . d smallest
N
N
Loss Function V = det(ﬁz E(t, 0, )( 8(’[, 0, ))T ] highest °
1

Akaikae’s Information Criteria AIC =log V + N smallest

lowest order number of pole (nb) plus zero (nf)rder calculate e
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Research Methodology

1. Determine condition or Experimental

v

2. Collect data and Processing Input-Output Waveform

v

3. Divide data into Estimate and Validate data

v

4., Select type of mathematicl model

v

5. Estimate output of modeling and compare with

experimental data

v

6. Examine accuracy and property of model

v

7. Choose the best model and use it for application

RMUTL

Larna portheen camous
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RMUTL

APOLLO G-300

GRID CONNECTED INVERTER

» Pure sine wave power output
o Peak efficiency > 91% (include isolation transformer)
« Low Harmonic Distortion (THDi) less than 4%

‘ « Main and solar generator are galvanically isolated
« Built-in Maximum Power Point Tracking (MPPT})

| « Microprocessor control

y » Advanced IGBT Technology
« Islanding protections during failure of utility grid
power supply

« Fully automatic self-START in the moming and

LEONICS. -O-8 ¢

APOLLO G-300 series GRIDCONNECTED INVERTER I e
SPECACATIONS

Wal mount case

TECHNICAL DETAILS.

it goes without saying that every FRONIUS IG complies with all the obligatory guidelines and standards of sach country.
More in-depth information and certificates may be viewed at www.fronius.com under "downioads”.
Of course, all FRONIUS G bear the CEmark.

5 ;g ~
e ﬂ\llull‘ﬁlmlmmlgl”m-"lnmﬂﬂl

mam.umbuwmvu
3 80 424 08 Fafer MO Ve

TECHNICAL DATA FRONIUS IG 15 20 30 40 680 HV
MP2 voliage range 180 -400V 18- 40V 150 - 40V 150-20V 180 400V
Max. ingus voltage (a: 1000'W/m2; -10°C) 500V 500V 500V S0V sV
PV array outpdt 1300+ 2000 Wp 1800~ 2700 Wp 2500~ 3800 We 3500 - 8500 W 4800 8700 We
Nomnal output 1200W 1900w 20w Bow 00w
Max power ouipu 1800W 200w 250w 4100W S300W
Max. efdiciency 942 % 943 % 943 % 943 % 943 %
Euro ddcecy 914 % 923 % 927 % 935 % 935 %
Mans votage/‘mguency 230 V/50Hz (80 Hz)
Sizelxwxh) M8x 324x 20 mm (B0 x &M x 228 mm) 810k 382 x 220mm (733 x 438 x 228 mm)
Wagh 9 kg (12kg) 16 kg (20 kgl
Qocling @mmlied foroed-air cooling
“ﬂ\ll?u VanancTs ﬂ-lﬂl"' imernal Nousing; opiCNl Suter housng
Artiem temperaue . =20 80°C i
= T T
Sci BargraTid RS 3, Bagra, Bangra Baghck 1028 THALING

'u :.:uem BT e 2R AT 2 6t PEB it
o wawIES0ICE.C0m o

i e a e



& Power
=<7 Quality ic.

6

'L

Experimental setup

8 —
e A
e el
. - >N
Digital & !
Power Meter Oscilloscope '
Y
' m"‘““m“l “ | Grid connected N _ -
b ‘ INVERTER L_Hj
Digitally Controlled
DC Power Supplies AC Power Source
RLC Load &
Power Analyzer

inverter modeling using system identification

Modeling

DC power Inverter @
supply
Ide(t) ]| Vde(t) Tac(t) || Vac(t)
X | X |
Pdc(t) Pac(t)
/ !
L(t)> ac(t)
System ac*(t) + )—
e
de(t) » Identification
e(t)
i Parameter Adjust
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Using System Identification Toolbox in MATLAB AMOTL

ident: Untitled %] MATLAB 7.6.0 (R2008a)
Optons Windon Help - Fle Edt Tet Go Cel Toos Debu Porslel Destop window Hep
mpon asta K| mport models D@/ m@2c wya e €A and PO ManAE V] &
o Shorteuts 2] Howto Add (2] What's New
Operations: Workspace waax Kivoliridconnectedloop.m
‘ ‘ - o BT G DY -Masi B -BDRDE BB O ~lax
| % %% 0,
< Prepracess
close all
t Vdc = xlsread| print_032.xls’, 1,
Vac = xlsread( print_032.xls', 1,
Ide = (' princ_032.xls', 1, -
lac = d('print_03z.xls’, 3 -
=p plot(1:1000,Vde) ; axis((0 1000 0 300)):
Xlsbel{ nusber of daca’)sylabel(*Vdc(V)')
Ploti1:1000, Idac) ;axis([0 1000 0 10]);
i Lo xlabel (' nunber of data’') plabel('ldc(A)’)
‘ plot(1:1000,Vac) ; axis ([0 1000 -400 400));
xlabel (' number of data’);ylabel( ity
1| plot (11000, Tac) ;axis((@ 1000 =8 8]):
_ X Xlabel{ musber of daca’)sylapel(*Tac(d)’)
:":'m [ cmwgg!?;!zwk rmr:‘!--'_}:?i |
Dot Views Pt Mol Vews 2pk_sys = spr(im) = w ST = S
e E;:;::,_ s Command Window o x
1 i I e T t [z p Kl= zpkdaca(im) >
[2,p,k,4z,dp,ax] = zp
~ ot zers (1m)
: = polelm
—— pemap (1m)
’ . . {p 2)=pzmap lm)
tp 3) = pamap (m
. = p Kl = spkdacailm)
E—— - p— - , |
A—- 8/e/11 Jrme- |
The character i not & vaid hothey | )

Toolbox M-file

iy Documents AT v (L) )

i m =
o fo | B - 88 R B2 O ~»x

(none)

AutsRagraune regel atmats

-
- B Rotst Contolhobox b
- B8 S5 Frocessng Soc

]
- b Fre—
3|
3|
&

ing Avarsga i extemal ing.

5 B SmPowerSystems

& B Smacane

- s conro g
W Senasni Dssgn verar

B Senusnk Extms

B i Parameter Esten

AutcRagranive % aXiesl i

Fie Edt Vew Smuston Fomat Tods Heb

Ded& ! Bl et 2| b afiod [l Gl

- 9 Sk Resocnse Ogim
B Simuini Verifatin ang.

| st

W yem denticaton ol

8 Viseo an3 image Proces.

- B VeiuaiResty Tonox |

Biock Description Il
Tosaia 5
i Autoregressive for o scalar valued i
Hode! Hame: Enter workspace variable name for resuling models, Leave empey for printout =
vinsew, kS

Croese praseton-nanizon for e pits

Snorims: System Tdenticaton Toobox

TG 1) T
pole(im
pamap (1m) | 23 100% odes

[p =1=pzmap(lm)
[p =) = pewap(lm)

(52 = o simulink

(@ Start | Resdy
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Quality n. Flow chart Adainly
Write M-file
Import data Xlsread ( cees ) R,MQUTL
|
Data process Resampling(....)
I IDDATAC....)
Divide data into L . Findstate(...),
Id entify (numb er) Initialize model condition
estimate, validate
- Simulation & prediction sim(......), predict(....)
oe(....)
Model selection nthw (...) | get(.....),
| Power Quality analysis Analyze nonlinear model idss(....), idnlhw(....)
Comparison model output Compare(. ... mean(....), sqrt(...) | Findop(...)
and experiment data sum(...), fft(....) Linearization linapp(.....), linearize(...)
[ |
Maximize (accuracy) If loop Analyze linear model sys(...),view(...)
Minimize (error, model order) max( ), min( ) (frequency response, state space, frd(...), ss(.....),
| transfer function, zero pole gain) tf(...), zpk(...),
Iteration linear parameter EThview(....), bode(....)
; . . ' For loop Plot graphical tool nyquist(....), nichols(...),
and nonlinear function impulse(.....), step(.....)

y

select optimize model
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Topic for Experimental and Modeling

B Modeling System in Steady state

B Modeling System 1n Transient

B Modeling System 1n Islanding

B Modeling System with cross validation

B Modeling with MIMO model

il
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Modeling and Condition from Experimental

Linear Modeling

Auto Regressive with Exogenous, SISO Steady state
Auto Regressive Moving Average with Exogenous SISO Steady state
Box-Jenkins (BJ) SISO Steady state
Output error (OE) SISO Steady state
Nonlinear Modeling

Nonlinear Autoregressive with Exogenous SISO Steady state
Hammerstein SISO Steady state
Wiener SISO Steady state
Hammerstein-Wiener SISO Steady state
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Digital Storage Oscilivscope Waveform Dats R‘,Mm%‘lm-l;k
L B o By
Transmission
g B gy S g B

NSNS\ [CHY CH2 CHA CHA
NSNS @ ®® @

| Modeling from

System |dentification

Ioc 1AC @
R o 4
Digital Controlled g Utility Grid
DC Power supprys/_ : b¢ AC 6" 220 V 50 Hz
Input and Output waveform ¢ —
P P "
Single Phase M
Pholovoltaic Invertar (2| l
300 400 ' l
200 q 200 L
s s LYYy
8 g 0
> 10 £ AC Loac
-200
% 200 200 600 800 1000 4005 200 200 500 300 000
Time(msec) Time(msec)
e veleee A volieg: Experimental Setu
. P p
8 5
g °® ’ <,
§ AMMM E]
2 5
% 200 00 600 a00 1000 0 200 a0 600 800 1000
Time(msec) Time(msec)
DC Current AC Current
1500 2500
S PO S S L S| 2000
s 1000 E § 1500
2 00 & 1000
500
% 200 200 500 800 1000 % 200 400 500 800 1000
Time(msec) Time(msec)

DC Power AC Power
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Three Way Data Splits —

Three-way data splits

Test set &

Training set @ /
Validation set @

Final
Erro
I l"

Selection Rate
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P

mParanG ottput A‘jl arsS

5 T T T
Measured and simulated model output
400 T T
o 300 Best fits 98.13% ]
@ OF B
>
200 E
-500 | | | | | | | | | 100 B
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
0 i
260
-100 B
W bbb LA bl e oy gy apug i g
240 + ]
o -200 4
o
>
220 - B 300 |
200 L L L L L L L L L _400 | L | L
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.025 0.03 0.035 0.04 0.045 0.05
Time Time

Data divide into estimate and validate data The experiment and simulated model output
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Model Linear Polynomial Parameters % fit FPE AIC
a, b, C, d, f
X 0 10 = = 26.49 3,292 8.09
Armax 5 1 3 - - 92.03 2,584 7.85
BJ 2,655 7.88
OE 2,910 7.97
Model Nonlinear Linear Model properties
a, b, K, % fit FPE AIC
NARX - WN 9 1 9 81.02 5,012 8.51
- SN 10 7 8 81.01 4,086 8.30
Model Nonlinear Linear Model properties
/P O/P b, f K, % fit FPE AIC
Hammerstein SN - 3 3 1 92.79 4,022 9.54
WN - 3 3 1 92.88 3,037 9.47
Wiener - SN 2 5 0 53.86 3,790 11.86
- WN 4 2 2 61.03 3,013 10.28
Hammerstein- SN SN 4 93.75 3,323 7.06
Wiener WN WN Q 2,670 754

PRI
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Compare Linear and Nonlinear Model C)

FIETL

® Accuracy of Hammerstein-Wiener and Hammerstein Model more than

Linear model

B Model order of Nonlinear Hammerstein-Wiener and Hammerstein

Model lower than linear Model

®m Accuracy of Linear system identification lower than Nonlinear model

® Model order of linear higher than nonlinear system i1dentification
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Result of Hammerstein-Wiener model

I PR
ata Input/Output Nb nf nk Model % fit FPE AlC
Nonlinear order
Deadzone 1 5 1 5 87.23 3,079.8 10.33
Saturation
Voltage Pwlinear
Sigmoid
Wavenet 1 3 2 3 98.01 2,670 7.54
Deadzone

Saturation

Current Pwlinear
Wavenet 9 17 2 25 93.22 19.08 15.19
Sigmoidnet 5 8 3 12 91.68 25.61 18.14
Deadzone 3 7 5 9 91.05 8,688.3 9.06
Saturation 6 4 1 9 92.28 1,262.7 9.44
Power Pwlinear 8 6 2 13 92.32 3,263 8.08
Sigmoidnet

Wavenet
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System Analysis :
FRVEITL.
u(t) input WO | finear | X output y(®
nonlinear (LTI nonlinear ——
1t h()

y(t) = { k Emu(t) Le(t)
B(g)=q°

F(Q)=1-1.99q"+q~*

1 L L L L L L L L Il Il L L
25 2@ 25 28 28 24 25 2B %5 B an Eo) ) 0 0 D 0 F: )
Imttomirsiyainiu Imttoniiresiy 2ot Yt

Input nonlinear Discrete polynomial model Output nonlinear
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Nonlinear Estimator

Select nonlinearity at channel =all inputs> .

150

100+

50

Nonlinearity Value

-100

-100

I I
-80 -60 -40 -20 0 20 40 60

-

Uni

Select nonlinearity st channel  |Vac

L

Nonlinearity Value

400

300

200

100

-100

-200

-300

nlhwl115:saturation ‘

0
-500 -400

Deadzone

AMUTL

Inout to nonlinearity, at input Uz’ -300 -200 -100 0 100 200 300 400 500
put to nonfinearity at input u Input to nonlinearity at output 'Vac'
ek 0 8 ek 1 i 8 pt:
] b tneamo R~
ey 3 Saturation
H
g
=
k-
2
4
2
15 ! ! ! | ! ! plecw1sehnear
0.2 -0.15 0.1 -0.05 0 0.05 0.1 0.15
Input to nonlinearity at output 'y1"
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}—-’ Linear Block }—-{ YL }—»

Properties Input Nonlinear Output Nonlinear

Regressor Mean 0.0052 -9.61x 1077

NonLineef Subspace 1 1

Linear S\Ibspace 1

-6.1046

[1x10 double*] [1x10 double]

Translation [1x10 double] [1x10 double]

Output Coef [10x1 double] [10x1 double]

Output Offset

-0.0527

1.1208

Sigmoidnet

4” Ui

}—~{ Linear Block }—-’ Yo

Select nonlineatity at channel: | <all outputs= ~

Nonlinearity Value

-8
-0.06 -0.04

-0.02 0 0.02 0.04
Input to nonlinearity at output 'y1'

0.06

Wavenet Select nonlinearity st channel =all inputs> |
x 10"
10 T T
8 .
Q 6r
g
g 4
5
o .
2 L L L L L
-1.5 =1 -0.5 0 0.5 1 15
Input to nonlinearity at input 'ul*

Properties Input Nonlinear Output Nonlinear
Number of Unit 6 11
Regressor Mean - 8.5126 -98.55
Nonlinear Subspace 0.0056 4.58e-4
Linear Subspace 0.0056 4.58e-4
Output Offset -7.0973 -0.4855
Linear Coef 176.51 3.1140

Scaling Coef

[0x1 double*]

[3x1 double]

Wavelet Coef

[6x1 double]

[8x1 double]

Scaling Dilation

[0x1 double]

[3x1 double]

Wavelet Dilation

[6x1 double]

[8x1 double]

Scaling Translation

[0x1 double]

[3x1 double]

Wavelet Translation

[6x1 double]

[8x1 double]
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_ Linearization ,
Nonlinear System > Linear System
State space equation x(t+Ts) = Ax (t) + Bu (t)

y(t) = Cx (t) + Du (t)

{1.99 1 1.486e5} r 0] Cc=[L 0 0]
A= B={0 O
10

-099 0 0 D=[0 1299]
0 0 0
: —1.486e -5
Transfer function G(z) =
f f (2) 7% —1.9997 + 0.996
Gain = -1.486¢-s zero = () pole = 0.997-0.0159i

- 0.997+0.0159i

=0

FIETL
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_ Linearization . AMUTL
Nonlinear System > Linear System

Blq) = 1.025¢7" — 1.635¢° + 0.1838¢~" + 0.4257¢"*

Flgl =1—-23%q " +1.794¢™" — 0.397%4 "¢
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: RMUTL
From: ul To:yl From: ul To:yl x 10 3 From: ul To:yl u-\-wl%'lmmm
[T TTTITm T T TTTTT T Tt 0 | | | | | 1 | | | | | |
[ (IR (NN | | | | | | | | | | |
[ (IR (RN NI . | | | | | o 08— - —- - - - 4o
I = H = = = =4 I = A=A +IHH O | | | | | k<] | | | | | |
| (R e 2 00241y -4----F---9----F---17 == = = 2 | | | | | |
| (R [N =1 | | | | | =3 0.6 - —-———7-——-——-7--—-7---1
[ [N SN T | | | | | §: |‘||H | | | | | |
:: : ‘ “‘””‘ :HHH = | | | | | 0.4 [ A
-0.04 H | |- — — — IHH | | | | |
[ | [ i | | | | | | | | | |
TT I (Il m l } | | | | 0.2 ,‘,,,,‘,,,4 et — - ——
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Bode plot

B Peak gain Value 6.87 dB at frequency 0.317 rad/sec
B Gain Margin 2 value 24.6 dB at frequency 0 rad/sec and 109 dB at frequency 62.8 rad/sec

B Phase Margin -27.1 at frequency 0.309 rad/sec

Bede Diagram
From: u1 To: y1

0 T T T 1 T T 1T T TTET] T T T T T 1711 T T I
[ Systeircin. — SN SN osrmompspunpepsprpmnys L SRR SO L S 0 0 1 I AR SN S
Gain Margin (dB): 24.6 - v I.}‘ystem:w— = : T ————— e = =3
At frequency (radisec h O lo
Closed Loop Stable? Yes | ) : 1| Peak gain (dB): 6.87 ; 4 [
201 : ; S It i et et e 7| At frequency (radisec): 0.317 [-=--r=====-j-======i-- 1"
H b Rt o 1
o= o
g | & e o A0 CUR SEEERRERSE ERERE 1 T e e
2 I
3 Hi
2 ' ' : i
R ST R, Hpe-
= )
H : H H : i 2
e fasssunereetuennes rhesdesadme smerfeessibessosdodadtesatiag »==== System: Im
i ' 1 i : Gain Margin (dB): 108
' ' ' : Y | 1 ' ' oo ' At frequency (radisec): 62.8
=100 —--------- ERRt SELLD! Arommsanssneeesene [ e o e o dedbes R e de o r-=-- Closed Loop Stable? Yes
120 1 1 I [ | 11l 1 1 I N
180 = T
135 — System: Im
Phase Margin {deg): -27.1 :
e L Delay Margin (samples): 377 |+ H-- - - - -l m g et e e e e e
At frequency (rad/sec): 0.309
45— Closed Loop Stable? Yes
PO - = -~ < - - < HIBEENE N R S L. System: Im S - SECEUNE mET
é : i Phase Margin (deg): -153
- A AN JU SN N SOt N O A 1 _ . Delay Margin (samples): 222 |} 1 4 b o e A h
+ At frequency (radisec): 0.325
i | Closed Loop Stable? Yes
-90 — s
L e R R e Rt P R ket ek R S R et By St Rt Py L R e PR R S S S TR S Ty b TR et
) I TS T Ut U0 P 1 0 O OO Qoo booocboodododddden.. [ ST U 0 8 U deeeee b Mdg
107 10" 10° 10' 10°

Frequency (rad/sec)
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RMUTL

Step Response
From: ul To: y1

g | | !
PP I A — A HO N SO R S -
oaeHHLL n I L 5 I URNR WOROEUI NEEEOI TS —— .
System: im ' i H :
VO: U1 to y1 : H H '
Rise Time (sec): 2.2 System: Im
] : ! Vo:ultoyl
f i l l g ! Settling Time (sec): 912
§ LU T L L 8 1 __ p . s -
2 oo EHTI R I E R EE A R B B R AR R L AT A A A DET A
§ " v v b i | System: im
H ] o H H . s VO: ut to y1
_ | ‘ Final Value: -0.0591
é LA | | L
esobH M T e — [— pTT—— -
H \ 1 i | ;
. s : s z | 1
' | L
I S S S S { . S i
i | 3
5 i s
| L
B When we feed unit step input . | i i | |
200 400 €00 E00 1000 1200
Time (sec)

B rise time, tr 3.25 Second
B peak time, tp 9.95 Second Maximum -0.116
B maximum overshoot 95.9%

B settling time, ts 912 Second and final magnitude 0.059
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RMUTL
Frthem
Step Response
From: u1 To:y1
0
I I I [
0.02 A -F-f - T e B e P T P E —
cc-M-- +l’| -------------------------------------------------------------------------------------------------------------------------- —
System: Im
VO: ut to ¥t : ' ;
Rise Time (sec): 3.25 ' ' System: Im
b R ! : i VO: ul to y1
: i ' 4 Settling Time (sec): 912
'S Ll d - _____:_ Ll 4 d . ‘ " s‘ 0 A - -y
2 006 EHEHEIHTRE IS AFRER A QRIS RE SR SR T FE HASENIFH HISERT q ZNAN v g
=4 ; i 1 Y Y L d -
£ 4 ' ' ' | ' System: Im
! VO: ul to y1
| ' Final Value: -0.0591
E E 3 : ! E
ooe lHLHEHT- ——r u rrrrrrrrrrrrr —_—————— -
' H ] H | '
| “ : : 3 : I E
| ' : : : I :
-0-1l!' System: Im ”""““”““"”’“"““": ”””””””””””””””””””””””””””””””””””” J””""“’E ”””””””””””” =
|| ¥O: utto y1 ' | '
|| Peak amplitude: -0.116 H |
Iif| Overshoot (%): 95.9 ‘ | ’
"l At time (sec): 9.95 ' | .
o2l i i i i | i
0 200 400 600 800 1000 1200

Time (sec)

B Amplitude -0.000915 at time 4.95 and steady state time 917 second
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Nyquist Diagram RMUTL

From: u1 To:y1 Lana Aarihaen camoet
| T T
0 %a
: 298

. VSystemiim 0 T pemeemmrnTTTTTITT |

~ 1 VO:uttoyl

240 » Peak gain (dB): 6.87

|| Frequency {rad/sec) 8:317
448 "7 System: Im : J S (. L. S
B Phase Margin (deg): -27.1 _ _ - - o R St =i srea T Atrs —
Delay Margin (samplesy: 377 d . 1 g =
8dB_ “T-.. At frequency (radisec): 0.308 | -° L=t .59
e Clos€d Loop Stable? Yes ¢ S Y L e et

I 1048 S : ]
2o | I e 2 A System: Im
2 2008 Phage Margin (deg): -152
= | TR 4 —
= i
é" Clgsed Loop Stable?

1 T L i (R e et B 0t sl L 2 A P —
\ ‘ \ 1 |
05 0 05

1}
Real Axis

B Peak gain =6.87 dB at frequency 0.317 rad/s
B  Gain margin 2 values are 24.6 dB at frequency 0 rad/sec and 109 dB at frequency 62.8 rad/sec

B Phase margin 2 values are -27.1 degree at frequency 0.309 rad/sec and -153 degree at frequency

0.325 rad/sec
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Z Quality . Pole zero map

P

B Pole Position at 1-0.01591 and Zero Position at 1+0.01591

m damping 0.0134, overshoot 95.9% at frequency 0.317 rad/sec

W Stability Analysis found that pole position locate in unit circle

—————

06T
- \

/// 7

Imaginary Axis

= ~Pole 115 001690~ \\\\ |
~ Damping:-00134 " |

Overshoot (%): 95.9° > |
Frec‘iuency (rad/sec):0.317:\

~ - At \
= System: untitledt. N \
3!

System: untitied1
Pole : 1 +0.0159i

—an

_ — — Damping: 0.0134
_ - Overshoot (%): 95.9 i

_ Frequency (rad/sec): 0.317
PR - & P4
Ay

Real Axis



Power

ﬂualitym. g
Linear system Stability analysis é

| FIETL

= Nonlinear = Linear

= [inearization around operating point
m Steady State condition

m Stability analysis
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ﬂualitym. l
Linear system Stability analysis d)

| FIETL

= Right hand plane (RHP)

s Root locus, Routh — Hurwitz criterion
m Z plane and Unit circle

= Higenvalue of Jacobian matrix

= Lyapunov

m Bode-Nyquist stability criterion
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ﬂualitym.
Bode-Nyquist stability criterion é

FIETL

>

Im {G(z)H(z)}

(%))

e
/// \\\Unitcircle
. . L (el®cP .7 AN
B gain margin (GM) ( 2/ 1/GM \\\
. \
\
O phase margln (PM) (-1,j0),.{ o L (1.j0) Re {3Z)H(z)}
. . T T
m gain crossover frequencies \ > /
. L (%) \
= phase crossover frequencies M eg

SISO Stability Criterion

1=0dB<GM<4=12dBand 30 <PM <60

Pm =180 + arg L{e'*
em = - — -
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Topic for Experimental and Modeling

B Modeling System 1n Steady state

B Modeling System in Transient

B Modeling System 1n Islanding

B Modeling System with cross validation

B Modeling with MIMO model

P
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Quali Ly inc.

Experimental for Transient Condition

Electrical parameter Step Up Step Down
AC \Woltage output (V) 220 220 220 220
AC Current output (A) 7 2 2 7
AC Power output (W) 1540 440 440 1540
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Pdcup(W)

4001 il

200

L L L L L L L L L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time(msec)

Power dc input

2000

1800 R

1600 R

1400 - i

1200 - B

Pdcdown(W)

1000 - B

800 - i

600 - i

400 I | | I | I I I |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Time(msec)

Power dc input

Step up condition

Pacup(VA)

Step down condition

Pacdown(W)

3500

FIETL

ol

_500 Il Il Il Il Il Il Il Il Il
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Time(msec)

Power ac output

Il Il Il Il Il Il Il Il Il
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time(msec)

Power ac output
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Model properties and comparison of waveform ™

Step Up Condition

Nonlinear Linear Parameters Model Properties

I/P & O/P nb nf nk model % fit FPE AIC
Deadzone 3 4 2 6 91.75 3,230 7.40
Saturation 4 3 2 6 83.46 3256 11.34
Pwlinear 4 4 5 7 87.20 4720 8.38

Sigmoidnet 3 5 5 7 83.85 4238 8.43
Wavenet 4 5 2 8 84.57 2980 9.52
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Quali Ly inc. | C

d L4 RMUTL
Model properties and comparison of waveform ==
Step Down Condition
Nonlinear Linear Parameters Model Properties

I/P & O/P nb nf nk model % fit FPE AIC
Deadzone 4 5 5 8 85.12 9,718 9.18
Saturation 3 5 5 7 81.29 3049 11.23
Pwlinear 3 4 3 6 85.99 3233 10.0
Sigmoidnet 4 4 1 7 81.17 4426 8.28
Wavenet 4 5 4 8 82.45 3325 9.25
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Simulation Result for Transient <)
ep up condition Step down condition

J‘ ‘\1 i \"“1 m‘
N wlg }‘1 ;\Hl

I Hf‘
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\ Uaml’:llitym. Stability Analysis

RAMUTL

Stability : consider from pole position, magnitude of pole and unit cirlee

Pole 4 position follow as

0.9923 + 0.05751, 0.9923 - 0.05751, 0.7060 and -0.1213

Magnitude are 0.9940, 0.9940, 0.7060 and 0.1213+

/ U N 7 Magnitude of pole <1
é” 081 /ﬁsq/: //// \\\X// / :\/\\ - \ 77,(,43043 \M}\\ | o N N
I e SNSVEANAY - All Pole locate in unit circle

v\ System: untitled1

/ o | . \
BT ! Systent uriledL. R V2 0ultoyl v
/ - ! @VO:irlloyl ) Pole : 0.992 +0.0575i
021 Polé:0.706 | h Damping: 0104 a L4
B : System is stable
| Oversho t(%); 0 =L | Frequency (rad/sec): 116 [
o Fvel‘quen y (radisec): 696
T b | . h
| - | System: untitled1
VO:ultoyl
-0.2 Pole : 0.992 - 0.0575i —
\ e Damping: 0.104
\Q.Q«JT \ 7 7=/ Overshoot (%): 71.9

"/ Frequency (rad/sec): 116

A CUoN A S R
N7 \ X S P | - [Ny
_x \ AN - - - A
\1 - \ N e ~ / -~ | . - \/ e /
. N ) -, N T ST,
0.87/T N AN , , ! v - 27 0T
06 N N ~ _ Y T, _
N S~ T — — 41— = N . s
N < | \ P <

v

N 070 / ! ' PR
081 NS / . / [ f[[/ b

~ / S-k-----7 7

/ | \ -
LT | 04nT_—
1 ! 05T _ g ! !
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Linear Stability analysis

RMUTL

Larna rorthern campas

Nyquist Diagram
From: ul To:yl

System: sys
/O: ultoyl
40 |- Real: 0.422 _
Imag: 50.3
Frequency (rad/sec): 0.588
20 — —

System: sys T
V/O:ultoyl

Real: -1.39

Imag: 1.25

Frequency (rad/sec): 13.4

Imaginary Axis
o
1

-60 I |
-30 -20 -10

10 20 30
Real Axis
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Linear Stability analysis g)
Criteria Condition Result Stability

Gain Margin (GM) 0<GM<4 0.679dB Stable

Phase Margin (PM) 30<PM <60  31.8 Stable
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Quali Ly inc. C
Absolute stability analysis by

Criteria Result
Rise Time 5.2 sec
Settling Time 206 sec
Overshoot 95.9%

:

0.15 ;

s || | | 1 ‘ ‘ ‘ Step Response
"{'?r}eu(lsfc{}la ! ! ! ! ! ! !

Amplitude: 0.107

[ ]
77777777777777777777777777777777777777777777777777777

|
System: sys

10 ultoyl

Time (sec): 179
Amplitude: 0.00101

Amplitude

Impulse Response
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Topic for Experimental and Modeling

B Modeling System 1n Steady state
B Modeling System 1n Transient

B Modeling System 1n Islanding

B Modeling with MIMO model

P
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Modeling of Islanding condition d)

RMUTL

Larna rorthern campas

Ppv+jQpv  — <— AP +jAQ

4 ; s Transformer . ~
Supplies

__________________ T £

Pload + jQload = (Ppv+AP) + j(Qpv+AQ)

|

| Grid
DC Power : PCC

:

|

RLC Load
e N
I CHIC H2 CH3—— g
N\~
yisw S
Modeling via
system identification
VdCJdC
DC PV switch Utlllly Breaker
PV invert
sprlis inverter _'_ -, ll,O:dJ ‘l‘_ Ny
|nv grid

L C
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Design Simulation in Six Condition of Islanding (g)
No Model input P.verter P oad Pyrid Load
(W) (W) (W)

I Grid current 1,000 800 -200* R
[ Grid current 1,200 1,000 200 R
1 Grid current 1,000 1,000 - RLC
vV PCC voltage 1,000 800 -200 R
Vv PCC voltage 1,200 1,000 200 R
Vi PCC voltage 1,000 1,000 - RLC

* sign (—) mean grid current energize power into the load



Inverter supply to load 800 W and grid supply to load 200W.
T T T T T

Scenariol °

rrent (&) and gnd current(a)

rorerter cu

Inverter current

Invarter supply 1o load 800 W and grd supply 1o lead 200 W

Scenario 1V

Irwerter current (A) and PCC voliage(V)

2500
Sampling points

Inverter supply 1o load 1000 W and inverter supply to gnid 200 W
T T T T T

H
4000

itent (&) and gnd current(a)

I erter cu

i
0 1000 1500 2000 2500 3000 3600

Sampling points

2000

Scenario 111 |

Inverter current (A) and grid curent{A)

bvarter supply o load RLC 1000 W (matching)

50 1000 1500 2000

=0 000 =)
Samping points

Grid current input

2000

]

_-_—
|
4500 5000
4
1000 1500 250 3000 3500 4000 4500
Sampling points
Invarter supply 10 1oad 1000 W and invener supply 10 grid 200 W
Scenario V T 1 Nl |
PCC voltage
=
%
8
H
7
i
g
%
3
4
.
g
5
£
£,
£
.
4500 5000
-500 i A1 1 1 1 L I L
o 000 150 2000 0 00 %00 am [
Sampling points
Inventer supply to losd RLC 1000 W (matching)
w0 - T
.
Scenario VI
0
b3
g
8
£ wol
:
&
&
%
: 0
z
H
5
5 -100
H
E
20
5000 a0
o0 i 1 L i i L L
000 T 200 =0 [ 0

The Input and output of model

2500
Sampling points

PCC voltage
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Simulation Result in condition 1 and 6

inverter current from modeling and experimental(4)

RMUTL
Larna northerm Camgs
‘ : Inverter supply to \lﬂad 800 W and grid m! load 200 W : : Inverter supply to load RLC 1000 W (matching)
: : : T T T
: —— experiment 7 : ;
................................ eppenmEh ] o on g ol
:| = =""model

inverter current from modeling and experimental(A)

S 83.62% |

i i i

L
14 16 18 20 2 24 r .
Sampling points Sampling points

. scenario VI
scenario I
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Topic for Experimental and Modeling

+

B Modeling System 1n Steady state
B Modeling System 1n Transient

B Modeling System 1n Islanding

B Modeling with MIMO model

P
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NS Quality we. o (Multi Input Multi Output) Model g

RMUTL
onlinear model T
| Nonlinear model | . Vac N N ____________ !
Vdc-Vac ! Submodel |
! Idc-Vac j_. Vae
I :
Nonlinear model Vde ' Submodel I
de @— Idc-Tac —@ la ._[ Vde-Vac :
| !
| Submodel I lac
Nonlinear model I Vde-lac |
Pde .7 Pdc-Pac 4’ Pac | |
lde : Submodel !
. ( ) N | Idc-Iac :
q .
Vo) = h[ 2D (v, (1) + e(t)j
F(@) \
B, (9) B.(Q) , .
. B . — w 1]
e (1) = h[% f (i, (1)) +e(t)] [ V(O =h F (@) f (Vg (1)) +e(t)j® h(—F“ @ f (i (1)) +e(t) |
B, (9) B.(q) . .
B,(q) | (t) =h| 222 f (v, (1) +e(t) |®h] =22 f (i, (1)) +e(t
pac (t) = h( Fp(q) f (pdc (t)) + E(t)] ac( ) Fiv (q) ( dC( )) + ( )] ( Fii (q) ( dc( )) + ( ) )
p J
Single input single output (SISO) model Multiple input multiple output (MIMO) model

=3xn =3x1 =3 =3xn=3x4 =12



= Power

ﬂuality Inc.
Structure of Model C

RMUTL
Nonlinear model .
Nonlinear model

. I — e — e — s —
| : :
: Submodel : |

—|—. Vac Vdc .7 Submodel
! Idc-Vde | ! Vdc-Pac

Pdc @—1 | | i | ® -

: : I : ac
I Submodel I Ide | Submodel !
| Vde-Vde ! Tac > | ldc-Pac !
! i 3 |

[ B,(@) |
V. (t) = h(—F @ f (P (t))+e(t))

v

_ Bu(a) Bi(q) .
Pac (t) = h( F () f(vg (1) + e(t)j ® h[ F () f (ig (1)) +e(t) j

Vv I

Iac (t) = h[w f (Pdc (t)) + e(t))

Fi(a)
Single input multiple output (SIMO) model Multiple input single output (MISO) model
=3xn=3x2 =6 =3xn=3x2 =6

Number of linear parameter (nb nf nk)

= 3x n ; n = submodel
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FIETL

Result of MIMO Model
Type I/P o/P Linear %fit FPE AIC
[nb];[nf] [nK];
[2 4];
DZ DZ [6 3]; 92.60 63,034 11.35
[4 4]
MISO
[22];
ST ST [23]; 89.06 31,559 10.35
[3 3]
[4 4];
DZ DZ [3 2]; 85.84 155.45 5.04
(37] 85.22
SIMO 5
ST ST [5 2]; gig 27.71 3.32
[22] '
[4435];
DZ DZ [5536] gﬁg 254 45 7.89
[3442] '
MIMO [3545]
ST ST [4543]; gzgg 175.43 6.35
[4442] '




200

AC voltage (V)

-200

AC Current (A)
o

I Time (ms)

AC power (W)

1000+~

500

— v, measured
——model; fit: 92.6%
i

MISO power output

AC voltage (V)
{ )
o 5]

N
o
o

AC current (A)
o

Time (msec)
I I I
| — 2v; measured
——model; fit: 97.03%
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Method for Power Quality Analysis from
measurement and Modeling

RMUTL
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Power Quality Analysis in Steady
State and Transient Condition
Steady state FVHC condition Transient step down condition
Parameter
Experimental Modeling % Error Experimental Modeling % Error
Vrms (V) 218.31 218.04 0.12 217.64 218.20 -0.26
Irms (A) 23.10 23.21 -0.48 4.47 4.45 0.45
Frequency (Hz) 50 50 0.00 50.00 50.00 0.00
Power Factor 0.99 0.99 0.00 0.99 0.99 0.00
THDv (%) 1.15 1.2 -4.35 1.18 1.24 -5.08
THDi (%) 3.25 3.12 4.00 3.53 3.68 -4.25
S (VA) 5044.38 5060.7 -0.32 972.85 970.99 0.19
P (W) 4993.94 5010.1 -0.32 963.12 961.28 0.19
Q (Var) 711.59 713.85 -0.32 137.24 136.97 0.19
V p.u. 0.99 0.99 0.00 0.98 0.99 -1.02
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Recursive system i1dentification — Kalman filtering |
Model predictive control

Model order reduction — Robust control |
Power Quality Analysis from Modeling
Voltage Stability Analysis from Modeling =

Load flow and penetration analysis from Modeling

Model Application and Future Research QU)
Gray box system 1dentification Increase accuracy

" and Real time modeling

—_

— Control base on Modeling

Power Quality Issue
from Modeling
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i Conclusion

A model of a PV inverter has been experimentally obtained
from the Nonlinear Hammerstein-Wiener method.

= The model consists of three parts, static input and output parts,
and dynamic middle part.

= The obtained model i1s validated and compared with the
experimental results.

= The dynamic stability behavior of the system has been
analyzed through the linearized version of the system using a
frequency response analysis.

= Power Quality Analysis of output system can be done by using
modeling and standard



PQ Synergy 2014 19 May 2012

+

Thank you for you attention

rexe 1 Power
=7 Quality ie.

RMUTL

Larna northern Campus




