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Abstract

A PC-based intelligent power control system of the three-phase grid-connected
photovoltaic (PV) system for active and reactive power control during grid
faults is developed.

Considering low voltage ride through (LVRT) requirements and current limit of
three-phase inverter.

Two fuzzy-neural-network (FNN) based intelligent controllers are proposed.
— Probabilistic wavelet fuzzy neural network (PWFNN) controller

— Takagi-Sugeno-Kang type probabilistic fuzzy neural network with asymmetric membership function
(TSKPFNN-AMF) controller

A dual mode operation control method of the converter and inverter of the
three-phase grid-connected PV system is proposed.

Various types of voltage sags and test scenarios are designed to investigate the
LVRT capability of the grid-connected PV system.

The control performances of the proposed controllers are superior to other
controllers.

— Higher complexity of structure and current harmonic distortion of injected current during grid faults
are the main defects.
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Background

« The price of the photovoltaic (PV) system declines of around 75% in less than 10 years.
« The cumulative installed capacity of the world has been reached to 178 GW in the end of 2014.

« EPIA predicts the worldwide total installed capacity of the PV system in 2019 could reach between
396 and 540 GW with the highest probability scenario being around 450 GW.

 Taiwan has decided to raise MW 600,000
the official PV installation

500,000
target from 13 GW to 20
GW in 2025 (currently, 728 400,000
MW).
300,000
200,000
100,000
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Background

« A grid-connected PV system is mainly composed of two parts: (1) PV panel, (2)
inverter.

« Optional elements:
— Transformer (In Spain, the transformer is mandatory for galvanic isolation requirement).
— DC-DC boost converter.

« Single-stage or two-stage
— Single-stage: mainly used for medium or high power applications

« Pros: simple-structure, reliable and efficient energy conversion.

» Cons: higher dc-link voltage , efficiency worsened by the less accurate MPPT, partial shading issue.
— Two-stage: mainly adopted in residential PV applications

» Pros: place with partial shading, complicated roof structures, small space, various roof orientations.

« Cons: efficiency may be lowered by the DC-DC stage, compensated by the accuracy MPPT, cost.

i Input Slogs i
PV Panel: . ConverteriDC Link Inverter Tralggto_r[per |
i 1 [ ! ' Grid
: T 'DC/DC B T DCI/AC : .
— | i Output Lo
Optional Eilter Optional

(Omitted in Single-Stage) )
Fig. 1.2
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Electrical Characteristic of PV Cell
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 The short circuit current of the PV
panel highly depends on the
Irradiance.

« High irradiance leads to large short
circuit current.

« High temperature leads to small
open circuit voltage.

Ppy (W)

500 W/m?2,25°C

200 W/m2, 25 C

o

<

)
c,’___...--.-.-_.R)—.->___.h.~

i
o
o

50

0 10 20 VPV(V) 30 40 50

Fig. 1.4

Department of Electrical Engineering, National Central University, Taiwan 6



o]

« PV cell may operate in different quadrants:
Q1, Q2, Q4.

* Q1 is normal operating zone. Cell is
generating power.

* Q2 has reverse cell voltage, may appear in
series-connected cells. Cell is dissipating
power.

* Q4 has reverse cell current, may appear in
parallel-connected cells. Cell is dissipating
~ power.

TPECE2012 — Prof. Jason Lai
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Series String PV Cell Under Shaded Condition
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Adding anti-paralleled diode avoids failure
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Overheated
Bypass Diodes

Assume /= 8A. Diode
dissipations:
« Sidiode: 0.7V-8A = 5.6W
+ Schottky diode:
0.4V-8A = 3.2W

+ Active diode (synchronous
rectification):

(8A)2(5mQ) = 0.32W
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Active Bypass Diode (MOSFET Body Diode
with Synchronous Rectification)
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Protective circuit device for a solar module
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Maximum Power Point of a PV Cell

_Maximum Power Point (MPP)
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Example PV Panel VI Characteristics
Kyocera KD180GX-LP
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Multiple Peaks Due to Shading Effect with
3-Bypass Diode Configuration
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Case with Mismatched Panels and Different
Irradiation Levels Among Them

Two different types of PV panels in series with different
irradiation levels among them can result in multiple MPPs
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Maximum Power Point Tracking (MPPT)

 MPP control is required to harness as much energy as
possible.

 Poor MPPT method is equivalent to having additional loss.

* Important MPPT design considerations:
— Tracking speed
— Control loop stability
— Oscillation around MPP including double line frequency oscillation
— Global MPP versus local MPP
— Which stage performs MPPT, DC-DC stage or DC-AC stage?
— Control of VPV or IPV?
— Step size?
— Digital versus analog
« Almost 20 distinct published methods, ranging from ripple
correlation control (a fast method that uses converter
ripple to find the MPP) to fuzzy logic controls.

TPECE2012 — Prof. Jason Lai
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Fractional Open-Circuit Voltage

* For most PV cell types,

10

there is a nearly linear Vipp=XV .

< »

relationship between V, 9
and Vg, V) pp 22XV

« x depends on PV material, .
typically 0.74t0 0.8 V. 7
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intervals, then use the = . 1| 600tW/m?]
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basis for control

« Only an approximation —
operation practically never
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v' Simple, low cost, fast, and
robust
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Hill-Climbing/Perturb & Observe Methods

 Alter the operating point, by changing a duty ratio slightly.
« Check whether the power rises or falls.
« Keep changing to get higher power.

Perturbation Change in Power | Next Perturbation
Positive Positive Positive
Positive Negative Negative
Negative Positive Negative
Negative Negative Positive

Key Features
» Clear and effective.

» Convergence depends on perturbation step size and converter
settling times.

» Goes to a /local maximum power point.

TPECE2012 — Prof. Jason Lai
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Incremental Conductance Method

pP,=V I = P, =1 +V il
pv pv. pv . pv pv de,
1 dp, 1, . dl,,
v,dv, V, dv,
* AtMPP, dP,/dV,, = 0:
d[pv =_1pv =_1M1’1’ Py
dev va VMPP s
« When V or / changes, re- S
assess di/dv and compare to 5
O

—I/V. If equal, stay the point,
else move back to MPP
depending on di/dv (> or <)
-V

v Less oscillations around
MPP, more accurate
tracking than P&O

x More computation burden

TPECE2012 — Prof. Jason Lai

10

O -~ N 0O & OO0 O N 00 ©

1000[W/m?]
AN\ 160
800[W/m?]
a0 2
o
........... =
O
o
120
0
12

Voltage (V)

Department of Electrical Engineering, National Central University, Taiwan

18



Ripple Correlation Method
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MPPT Implementation with Analog RCC
Method for a Boost Converter
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PV Power Conversion System Architectures

B oo ﬁ‘:f D-f-'-AC_|

[

(a) String inverter 3-12kW (c) Series DC-DC power optimizer
(e.g. SunnyBoy) (e.g. SolarMagic™)

[ — _r\, ; ﬁ :_ DC-AC
X [HE

(b) Microinverter 190-240W (d) Paralleled DC-DC power optimizer
(e.g. Enphase) (e.g. VT SOLAR™)
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Three-Phase Grid-Connected PV System

PV panel is emulated by Chroma 62100H- 600S (153 VDC, 1 kW); Utility grid is emulated by
KIKUSUI PCR2000LE AC power (3x2kVA)

« Y-connected 100Q/phase resistive load, 1 kVA three-phase inverter, 3 kVA Y-A step-up
transformer.

e 16-bit A/D converter (PCI-1716), 12-bit D/A converter (MRC-6810)

I Boost Converter Three-Phase Inverter Emulated
oy — = L L 110/220 Fa¢ult PCC
oarel| V| DCIDC vdcTch po/AC I () a—t-w— @
B ¥ A W 5 1:23 I 3-Phase
PWM Current n A @ Grid
T Controlled PWM tar b 1o 1002/ Y-Connected
v Yo Resistor
con a’ ‘b’ °c
e - R e T — — — — = ———— < +H#-=3¢
! 12-Bit D/A Converter PC i
i (MRC-6810) i
i I !
i i
i MPPT Power Calculation 6Bt AD 1 Vaor Voo Vea
...
| and PLL < Converter i, i, i,
: | Grid Fault Control | (PCI-1716) “E—V |V,
i PC-Based Control System P PR
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Three-Phase Grid-Connected PV System

Table 2.1 Parameters of experimental setup.

dc-link voltage Vie 200V

dc-link capacitor Cc 3360 pF

grid connection inductor L 10 mH

inverter output voltage Vaos Voo Voo 110 Vrms line-to-line, 60 Hz
inverter maximum current | e 5Arms (7.1 A peak current)
emulated PV panel Voe: 185.6 V, 1. 6.6 A, 1 kW
switching frequency Fow e Tou 18 kHz, 10 kHz

Table 2.2 Specifications of KIKUSUI PCR2000LE.

input voltage /frequency (AC) 170~250 Vrms /47~63 Hz
output capacity single-phase 2 kVA
output L range:1to 150 Vrms

voltage

output H range:2 to 300 Vrms

voltage resolution 0.1Vrms

output L range (100 Vrms):20 A
output H range (200 Vrms):10 A

maximum reverse current 30% of maximum current

maximum output current

frequency 1Hz~999Hz

0.01Hz(1.00 Hz to 100.00 Hz)
0.1Hz(100.0 Hz to 999.9 Hz)

frequency resolution

Department of Electrical Engineering, National Central University, Taiwan
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Three-Phase Grid-Connected PV System

I 'k*v;‘f?-%*‘ﬁ%‘, ﬂ‘l

;‘ o
!
1
T \ 3 ! (] [
] ’ 1
'Y I
. ik | | |
B ) il
Y T e i ‘
.
L&

PV Simulator .
(Chroma 62100H-6008y==. |\ g ©rid Emulatoty Sy
ot Threemiiase NI USUI PCR2000LE) &

T e Inverter /
/ Boost Converter

-_

A/D and D/A Y-A Transformer
Converters =

Department of Electrical Engineering, National Central University, Taiwan

31



PC-Based Control System

« MPPT control

— voltage-based perturb-and-observe scheme (output: voltage command V;V ).
« Power calculation and phase-locked loop (PLL) block

— SRF-PLL.
« Grid fault control

« Control outputs of the PC-based control system: the boost converter PWM control
signal V,, and the three-phase inverter reference currents i_, i, i, .

« The SIMULINK control package is adopted for the implementation of the proposed
algorithms.

« The proposed intelligent controllers are all realized using the “C” language.
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Requirements of LVRT

« PV systems are largely and widely penetrated into the utility grid in recent year.

— PV systems may stop the operation or be in unstable operation simultaneously due to transient
disturbances.

— These matters may seriously impact on the stability of the grid, such as power outage, voltage
flicker.

« The next-generation PV systems have to provide a full range of services as what the
traditional power plants do.
— Low voltage ride through (LVRT) capability under grid faults.
— Keeping connected during grid faults.
— Support the grid by supplying reactive power during grid fault.
« E.ON requires the PV system to support voltage with additional reactive current during
voltage sag.
— The voltage control must take place within 20 ms (one cycle in Europe) after fault occurrence.

— The amount of the additional reactive current is 2% of the rated current for each percent of the
voltage sag.

Department of Electrical Engineering, National Central University, Taiwan 34



Requirements of LVRT

Limitlinel Limitline2 Lowestvoltage band

' * T required additionalreactive
?100 current Al/ly (%)
> 90 A limitation of the
>Z A7 |range inwhich a voltage by\(/joltage_ 5
S e disconnection is Dead band contgpl (underexcited)
’ . .
L 75 >’ only permissible by | AN
S the automatic Z(\J/I}i\/ge (:/rop/ rise
S system 10 N (:o)
S 1 1 T 1
= -50 -10 o 20
3’ 45 / selective ial supportjof the 20
i A voltage py voltage
_II disconnection of control {overexcited) Vi: rated voltage
= generators V: presentvoltage (during fault)
g depending on their AV=V- Vy
'z 15 condition L In: rate_d_current .
< ; Al: additionalreactive current
> Time (s) -100%
0 015 0.7 15 30 _
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Applications of Fuzzy Logic Systems

Fuzzy Controller Process
Set Point Reference
Values 'XX _> nnnnn I"u"l_agn itude
’ 1 Signals
- IF .. AND ... THEM ..
X - o
- IF .. AND _..THEM ...
< - 5 ﬂ
=i
MMMMM Implementetion of & Defzzmcation
Linguistic Control Strate o
Measured Values

household appliances
animation systems
industrial automation
chemical industry
aerospace

robotics

mining and metal
processing

e transportation
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Applications of Neural Network -- Alphago

New search algorithm that combines Monte-Carlo simulation with
value and policy networks

Convolution Fully connected
r s “Ne
>
LO (Input) L1 L2 L3 L4
512x512 256x256 128x128 64x64 32x32 (Output)
908 PO R
commiecrn % - §+ § o 2
__’_ | I :2;:;te$hape
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Rule: 1

1= X 1S A3
OR vyisBl1
THEN z 1s C1

Rule: 2

I= X 1S A2
AND vy is B2
THEN z 1s C2

Rule: 3
I= X IS Al
THEN z i1s C3

Fuzzy Logic System

Rule: 1

IF project_funding is adequate
OR  project_staffing is small
THEN risk is low

Rule: 2

IF project_funding is marginal
AND project_staffing is large
THEN risk is normal

Rule: 3
IF project_funding is inadequate
THEN risk is high

Linguistic variables: x, y and z (project funding, project staffing and risk);
Membership functions: A1, A2 and A3 (inadequate, marginal and adequate); B1 and B2(small and large);

C1, C2 and C3 (low, normal and high)
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Fuzzification:

Rule evaluation:

Aggregation of rule
consequents:

Defuzzification:
Centre of gravity
(COG)

Fuzzy Logic System

Crisp input
yi

Fuzzification
1
05 - A2
0.2 =
0 x1 X 0 y1 %
M=y = 0.5 Hy=51y=0.1
Hix=a2= 0.2 Wiy=-82)= 0.7
1 1 1.0
A3 B1 Cc1L c2 c3
| 0.0 0.1 |, | OrR \02)
0  xi X 0 1 y |/ g z
Rule 1: IF xis A3 (0.0) OR yis B1 (0.1) THEN zis C1 (0.1)
1
1 1
0.7 c1\ /e2\ /c3
0z B2 | | anp \02
! (min)
0 x1 X 0 ¥l Y 0 z
Rule 2: IF x is A2 (0.2) AND yis B2 (0.7) THEN zis €2 (0.2)
1 1
Al c1 c2 c3
\ ,,,,,,,,,, o8 05 Y
0 x1i X 0 z
Rule 3: IF xis A1 (0.5) THEN zis C3 (0.5)
1 1 1
c3
c1 \ [ €2\ |05 / 05(55
0.1 0.2~ / 04 ==

0 z o zZ o z o
[zis c1(0.0) ] zis c2 (0.2) | zis 3 (0.5) | —~

¥

/g

0

z1 Z

Crisp output
z1

Fig. 1
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Fuzzy Logic Control (f&EiH$27E)

IFeisNAND AeisN, THEN z is C1,
IFeisZAND AeisN, THEN z is C2,
IFeisPAND AeisN, THEN z is C3,
IFeisNAND AeisZ, THEN z is C4,
IFeisZAND AeisZ, THEN z is C5,
IFeisPAND AeisZ, THEN z is C6,
IFeisNAND AeisP, THEN z is C7,
IFeisZAND AeisP, THEN z is C8,
IFeisPAND AeisP, THEN z is C9.

e, /\e
N Z P £
A A A A A A A A A
0 C1 C2 C3 C4 C5 Cé6 C7 C8 C9
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Fig. 5.1
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Power Formulations

A 1 1 0 -1 vy
Vo [=2[-11 0 | i (3.1)
Ve 3 0 -11 |vVa

1 1
y _[va}_g =5 73 :’, (3.2)
aﬂ_Vﬂ _3oﬁ_ﬁ VE |
2 2
v, cos(d,) sin(8.) | v, (3.3)
Vq - —sin(8,) cos(d,) || V, |
-id} 2_ cos(6,) cos(é?e—%;z) cos(@e+§7r) [ ia (3.4)
. = I .
] 3 —sin(d,) —sin(@e—gn) —sin(é?e+%7r) itc)
3 3. .. _

PZE(VdId +Vglg), QZE(Vqu —Vylg) (3.5)
Pzquiq and Q:quid (3.6)

Accordingly, P and Q can be regulated by controlling i, and Iq.
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Reactive and Active Power Control

0% V<01
17 =4200V,,,%,0.1<V,, <0.5 (3.7)
| 100% ,V,,>05
min(v,| V| [V
Vsag :(1_ q ‘rmsv‘ b‘rms ‘ C‘rms)j pu (38)
base
= (Val s+ Vol + Vel W (3.9)

Q =|j]I; and P =3 h-17 (3.10)
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Grid Synchronization

Low Pass Filter

.........

{ ; ) 0.
Va—slabe /1 alop KILPS ﬁ—[vco}we L%
Vp —» \Y v =‘~________/E S
VC—> (Xﬁ ﬂ: _q>
0.}
A sin(6,) sin(6,)
. 2 )
v, [=VT||sin 8. —=x ||+NV||sin| 6. +—7x
o |7V ( 3 j a ( 3 j
Vv
- °- Sin(é?e +E7rj Sin(é’e —Eﬂ')

sm

COS

o ] e

B R MG |

(3.11)

(3.12)

(3.13)

The negative sequence component voltage of v, can be filtered by using a properly designed

P1 low pass filter.
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Dual Mode Control Strategy

( Start )

Read v, Vi, Voo Py 1oy
I
Calculate V,,
e SR
Yes
Calculate 1,,[S|, Q", P°
No @ Yes
Mode Il Mode | (MPPT)
|
Fig. 3.2
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WER Ty -
Dual Mode Control Strategy

Q\/Iodel StarD

ReadV ,, I,
Pov =Vl o ( )
Y Mode Il Start
AVZva(N)_va(N_l) ":
AP =R, (N) — R, (N 1) ReadV,,, V., V.
AP <0 % AP >0 y_
\/ A\/dc :Vdc _Vdc
No ® Yes
VPV :va _Vlnc Vp*v _va +V,nc va :va +Vinc VPV :V
(@) (b)

Fig. 3.3
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Voltage Sags Classification

The IEEE standard 1159-1995 has defined that voltage sag is a decrease in rms voltage

down to 90% to 10% of nominal voltage for a time greater than 0.5 cycles of the power
frequency but less than or equal to one minute.

“voltage sag” (in U.S.A. English) and “voltage dip” (in U.K. English) differ in meaning.

1.2 ( \ —
Total duration=6.7 cycles
5 i
1
2.0.8 N
-8 Threghold 1 Wv‘:‘
) ... Y £ Voltage Di
e 0.6 i s "!-\ -2’ ge p
2 Voltage=0.9pu A ’ Minimm
5 | M agnitude=0.43pu
< 0.4
= Phase a k Voltage S
I oltage Sag
s | e Phase b M inimum
gy e— Phase ¢ Magnitude=0.57pu
0 S 10 13
Time in cycles
Fig. 3.4
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Voltage Sags Classification

« Three-phase faults are symmetrical and called type A, which is not depicted in Fig. 3.5.

« Single phase-to-ground faults are the most common fault type.

Type B Type D
a a
b b-
C C
Type E Type F
a a
b b

Fig. 3.5
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Voltage Sags Classification

« When a fault occurs at bus 3 in Fig. 3.6, a voltage sag appears at bus 1 and propagates to
bus 2 (which appears at the terminals of VSI) through the transformer (TR).

« Transformers always eliminate zero-sequence voltage and result in changing the type of
voltage sag.

— Type 1: does not change anything to voltage (e.g. Y grounded/Y grounded)
— Type 2, which eliminates the zero-sequence voltage (e.g. A/Z)

— Type 3, which swaps line and phase voltage (e.g. A/Y, Y/A, Y/Z)

Table 3.1 Transformation of voltage sags through TR

Sag type at bus 1 1 TR

TRType A B C€C D E F G s —@—
Sag type at bus 2 3 Load
—L__}—

Type 1 A B C€C D E F G Z ;
Type 2 A D C€ D G F G Fault
Type 3 A C D C F G F Flg 3.6
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Network Structure of PWFNN Controller

=

)

y

(Q

yi ‘ Y,

X
%

P43
yz :

yz A y4 i y

1%

?

Fig. 4.1

5
W6

IS |

,’ _

Output Layer
(Layer 6)

Rule Layer
(Layer 5)

Wavelet Layer
(Layer 4)

Probabilistic
Layer
(Layer 3)

Membership
Layer
(Layer 2)

Input Layer
(Layer 1)
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Network Structure of PWFNN Controller

Input layer (Layer 1)
nef (N) =x, yi = f!(nef(N)) =nef(N),i=1,2

X,=e X=6=x, e=Vg-V,orQ -Q

Membership layer (Layer 2)

(Y (N) - (N
N =y

Y2(N) = f2(nef(N))=exgnef(N)) i=1 j=1,2, 3 andi=2, j=4,56

\

Online Learning
Algorithm

’
’
’

A\

Lol drdt eSS

Xz

¥ PWFNN

. 4 X1 A
Q_W oé} Yo plant}2

Fig. 4.2

(4.1)

(4.2)
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Network Structure of PWFNN Controller

Probabilistic layer (Layer 3)

2 (yJ?(N)_m?p)z : 4.3
P,(N) = f,(y2(N))=exp| - = j=12..,6p=123 (4.3)
Oip
A A
y; b
1 1
A LoD/
| =k | =X
- 1 .
™y ~ LN ~
(a) (b)

Fig. 4.3
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Network Structure of PWFNN Controller

Wavelet layer (Layer 4)

g, (N) = (Xi(N);mi)z i=1,2k=12,.,9

(o] (4.4)
) = (1= g, () Jexp{ - =)
o :
v (N)=> Wi (N),i=1,2,k=12--,9 (4.5)
Rule layer (Lélyer 5)
yi(N) =] [w.y?P, k=129, p=123 (4.6)
ip

Output layer (Layer 6)

Yo(N) =Y W (N)y (N),0=1;k=12,---,9 (4.8)
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Online Learning Algorithm of PWFENN Controller

4

« Four adjustable parametersw;, wi, m?, o7 need to be tuned.
« The purpose of the BP algorithm is to minimize the energy function E

E(N) =§(y*<N)— y(N))? =%e2<N) (4.9)

The gradient error of E

6 o Ok oy

T TaEN) oy ye(N) (4.10)
. OE 0E  dy, (N) 5,/0

AW, = — 1~ 6/n08n  Th <6 6 = 150 k .

ST W) T RNy awf(N) %Y (4.1

Wy (N +1) = we (N) +Aw (4.12)
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In layer 4
K = = 6 0 - Yk yk
oy, (N) oy, (N) oy, (N) oy (N)
OE 6E  op, (N)
AW4 = — e k = 54
ik 1, 8W:|1((N) 7, oy, (N) 8Wi‘|1((N) 1,0k Pi
Wi (N +1) =W (N) +Awf,
In layer 2
oE OE oy (N) 8y:(N)
S L
onet;(N)  ay,(N) oy;(N) onet;(N) =<
AP -y, OE 0B oneti(N) ., 2(y; —m])
R ame T R e (N) amE(N) T (07)
. OE 6E  onet’(N) , 2(y; —mj)?
AGJ:_ma—z:_m 2 2 =1149j 272
op onet; (N) do;(N) (o)

Online Learning Algorithm of PWFENN Controller

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)
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Online Learning Algorithm of PWFENN Controller

m: (N +1) =m:(N)+Am? (4.21)

2 — 52 2 4.22
o;(N+1) =0](N)+Ag; (4.22)

Owing to the uncertainties of the grid-connected three-phase PV system, the exact
calculation of the sensitivity of the system oy /oy’ (N) cannot be determined exactly.

S =(Y -+ -y)=e+é (4.23)
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Online Learning Algorithm of PWFENN Controller

E
Online learning algorithm of
Parameters
PWENN control scheme Nkl
>
g

Read Y(N), y'(N)
Calculatee(N), é(N)

!

Update Calculate outputs of layer 2to 5
W), WD TND. 3 (N) |1y (N, B (N, (N,
1 (4.2),(4.3),(45),(4.7)

\/
Calculate S (N) Output ye

Calculate wg (N +1), wit (N +1) (4.8)
m?(N +1), o2(N +1)
(4.12),(4.17),(4.22), (4.22) Calculate 6¢(N)

(4.23)

A

Calculate\w (N), Aw;, (N
AMZ(N), Ac2(N)
(4.11), (4.16), (4.19), (4.20)

Fig. 4.4
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| Convergence of PWFNN controller

The resulted varied learning rates are shown in the following equations:

e R - g(@y?(EN) %EN )Jz 429
T EFEN e e R, = ZZ{J(EN) gvyv((NN)J 29
e rag e ,-Zﬁll[ay?(EN) (98:1((2))} (4.26)
e ™ EFS\I +)/g4’Where Ri = i{ay:?(EN) jcy;?((ﬁl))}z (4.27)
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Convergence of PWFNN controller

AE(N) = E(N +1) — E(N) (4.28)

E(N +1) = E(N)+AE(N)

~ E(N)+i(%Awﬁ’j

k

@i(@gfvwAW@@[@;T’Ami+5§$)Aaf] (429
CE(N) & B AN s &( B yE(N) Y
"4 ”;[ay S(N)  ow j nzkzll.zl:(ayﬁ(N)é’Wi(N)]

EN) s E of(N)) E(N) & E ayf(N))
SZ(ay (N om? (N)J " ”“;(ay(?(N)aaf(N)j

4 E(N)e/4 E(N)eld
E(N +1) = m) = +
( ) g(;n ) Rl + & R2 + &

N E(N)g/4+ E(N)e/4
R; +¢ R, +¢

(4.30)
< E(N)
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Layer 6
(Qutput Layer)

Layer5
(Rule Layer)

Layer4
(TSK Type
Fuzzy
Inference
Mechanism)

Layer 3
(Probabilistic
Layer)

Layer 2
(Membership
Layer)

Layer 1
(Input Layer)

Fig. 4.5
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Network Structure of TSKFNN-AMF Controller

Layer 1 (Input layer)

net'(N)=x', y/(N) = f'(net'(N))=net'(N),i=1,2
e=V, -V, orP-P or Q -Q

Layer 2 (Membership layer)

[ (Yi(N)—m¥(N))*
(o7 ;(N))?

(Y (N)=mi(N))*
(o5 ;(N))?

, —0< yil(N)SmJ?
2
net;(N) =

m{ < yi(N) <o

Vi
y2(N) = F2(net?(N)) =exp(netz(N)) 1

Fig. 4.6 %

Yf(yil) /

0 m?

A
1
y

(4.32)

(4.33)

(4.34)
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Network Structure of TSKFNN-AMF Controller

Layer 3 (Probability layer)
Pp(N) = f,-p(y,?(N))=ex;{—

,1=12,--,6;p=123
Layer 4 (TSK type fuzzy inference mechanism layer)
T (N) =D ¢ (N)X(N),i=12k=1,2,-,9

(yf(N)—m;?;)T

(03)

Layer 5 (Rulle layer)

Y (N)=yZ(N) Yy (N)S,(N)S,(N),r=1,2,3
1=4,56;k=3(r-1)+(1-3)

Si(N)=]]P,(N), j=12,---,6;p=12,3
p

yl?(N) :Tk(N)yli(N)i k :11 21 T 9
Layer 6 (Output layer)

yS(N) =D wWE(N)Yo(N),0=1;k=1,2,---,9

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)
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Online Learning Algorithm of TSKPFNN-AMF

Controller

« The purpose of the BP algorithm is to minimize the energy function E

E(N)%(y*(N)—y(N»z %ez(N)

Layer 6
s OE  OE oy

° T (N)  dy y°(N)
OE OE  oy3(N)

A= T B N) T By N owb(N) TR
W (N +1) =wo (N) + Aw;
Layer 5
50— GE _ E  dys(N) _ S
oY (N) Oy, (N) ay(N) °
___0E _E Oy (N)_ ot

ol =— = _ —
© O y(N)  ay(N) aye(N)

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)
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Onllne Learning Algorithm of TSKPFNN-AMF

Controller
Layer 4
4 _ oE _ oE aY|<(N) 50|
AT (N) T Ny AT (N)
Ac, =, OE  E aT(N) ™

oc (N) BT (N) ac, (N)

Ci (N +1) =¢, (N) +Ac,

Layer 2
52 GE  OE dyl(N) 9yi(N)

I onet’(N)  ay)(N) dy*(N) anet?(N)
hY Sy i=123r=123k=3(j-1)+r

- hjzcsk'yk', j=4,56r=123k=j+3(r—2)

1yzy’ ,p=1273
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O™ ol el e

Online Learning Algorithm of TSKPFNN-AMF

Controller
oE O0E  onet’(N)
Ay = =1 2z = onet?(N) am?(N)
J J ]
2(vt —m?
775-2M, —o<y <m?, j=12,--,6 (4.52)
37 (0_2 )2 [ j
= 1L_j 2
2(y|_m) 2 1 g
775-2—1, m'<yi<00,J=1,2,°--,6
Y (e )t
Ag? =y O __ OE . onet5(N)
LT T o6z T T Bnet?(N) 6a? ()
2yt -m)? (4.59
=774§J 2 ; 1J=1121”'16
(GL_j)
P OE - OE  onet;(N)
I ook T onet’(N) och (N) (4.54)
2(y; —mj)* . S
=1.0° 1~ j=12,---,6
57 G;_j)B
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Controller

m2(N +1)=mi(N)+Am]
Jf_j(N +1):GE_J.(N)+AGE_J.
Gé_j(N +1)=0'§_J-(N)+AG§_J.

=y —y)+(y —y)=e+é

Online Learning Algorithm of TSKPFNN-AMF

(4.55)

(4.56)

(4.57)

(4.58)
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| Convergence Analyses of the TSKPFNN-AMF
Controller

The varied learning rates based on the analysis of a discrete-type Lyapunov function have
been derived as follows:

B e MR - i(aya(EN) ayav(sz)T =)
T )
T = EIRE3N3 25’ here R, = g(aneif (N) 6anrre1t,;((|\l|\l ))JZ (4.61)
TP
s = EFEE,N+) (/95 where R, Z(@net 2(N) S:f J((ﬁ))J (4.63)
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Convergence Analyses of the TSKPFNN-AMF
Controller

The change in the Lyapunov function can be written as

AE(N) = E(N +1) - E(N) (4.64)
E(N +1) = E(N)+AE(N)

a0 5,

+Z[5E('§')Am,J+z[aE( AG? 55(2'\')“;_,}

om; =\ 00! i 00

E(N)_ [ OE oy’(N) E(N) & OFE aTk(N)2
- 1Z(ayo(N) oW, J UZZZ[aTk(N)acik(N)]

k=1 i=1

2
E(N 6 OE  onet?(N) E(N e OE  onet?(N)
" (5 )_7732 onet? > J + )_7742[ 2 7
7\ oneti(N) omj(N) 5 iz oneti(N) ooy ;(N)

(4.65)

+

E(N) 26: OE  onet’(N)
5 4| Gnet’(N) o2 (N)
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| Convergence Analyses of the TSKPFNN-AMF
Controller

If the learning rates of the TSKPFNN-AMF controller are designed as (4.59) to (4.63),
then (4.65) can be rewritten as

E(N)s/5  E(N)z/5

E(N +1)z8(z_77m):

R +¢& R, +¢ oo
LEMN)e/5  EN)e/s  EMN)e/5 s |
R3+8 R4+g R5+g
i 2 i
: (4.67)

5
_ E(N)
- R +g

Therefore, the proof of the convergence of TSKPFNN-AMF controller is completed.

Department of Electrical Engineering, National Central University, Taiwan

71



Contents

1. PV System and MPPT

-

2. Three-Phase Grid-Connected PV System and PC-
Based Control System

\_

:3. LVRT and Fuzzy Neural Network

p
4. Operation of Three-Phase Grid-Connected PV
System during Grid Faults

\_

5. Proposed Intelligent Controllers

:6. Experimentation of PV System

7. Conclusions

Department of Electrical Engineering, National Central University, Taiwan

72



Power Control Using PWFENN Controllers

PV Panel Boost Converter Three-Phase Inverter | Y-A 110/220
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Power Control Using PWFENN Controllers

The average tracking error Ty, , the maximum tracking error Ty, and the standard

deviation of the tracking error T _ for the reference tracking are defined as follows:

T (N) =T*(N)=T(N) (5.0
1({o

Tuax = ml\?x(JTerr(N)Di Terravg . E(ZTerr(N)j (52)

TO' = \/% (i (Terr (N) _Terravg )zj (53)
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Power Control Using PWFNN Controllers
Reactive Power Supporting with Boost Converter Operated at Mode |
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Power Control Using PWFNN Controllers

Reactive Power Supporting with Boost Converter Operated at Mode 11

Case 2): single phase-to-ground mkmzpilm T - L N
fault occurs with 0.5 pu voltage dip < PP
+ P,,= 1000 W —> 836 W I — e
+ P=865W — 720 W R o R
* Qrises to 380 VAR ZOOVIKTJCE Mo T Ve oy
» voltages: 1.0 pu, 0.77 pu and 0.77 pu Tﬁ?ﬁ e IR ,*
) VDV =153V > 164V 50Vims/2A + l | o1s Iso‘ rms/2A | : 0.1
*1,,=6.5A—5.1A, at Mode II. - | — 0 oo |
* PI controllers: - mm 1.|,“ mm. 1) m \m NN i « Al A ﬂnmm m mu Mnu }Mi i nmu
L _ Illluum "hu mlu‘um L rlllﬂ'wm IIII”I\ m(nu {” it N\hhh MI! J‘H» f’l bl Fhl\ Hlllﬂ!'"lﬁ‘( \IIIMHHNI"'NHIHIH »'IHIHII b i Mm \Mll'!lun W‘HNIFI «’ ||HI“||«WIH IIIWH
»settling time of Q= 0.3 s, Ul \ il w il 9 yimn H A
overshoot of Vi, = 2.5 % [+ *!!!!W!!!Hl! i *ﬁlﬂl{«ﬁ !l!{ ¢ "H!!! |l"l Al M‘! AR bR '“»l!!MM!!‘{‘»NN!%‘!}!!'H( il M!H%'M i U F!!l«(
* PWFNN controllers: 'I4A ' ' 4A‘ “FaultOcc |
>settling time of Q= 0.1, A e O T AT
overshoot of V. = 1.1 % AAANAANAANVANAAR T LA NANAA LA AR MAN)
VYAV VY VALYV AT Y VY
_7_1IUV VWU _7_1va/ \NAVAVIVLYAVIVIVANIN
Fig. 5.3 (a) PI - (b) PWENN
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Power Control Using PWFNN Controllers

Reactive Power Supporting with Boost Converter Operated at Mode 11

Case 3): double phase-to-phase A ?*M RRRe=—
fault occurs with 0.5 pu voltage dip I . i BN . .
« P,,=1000W — 112 W e e —————————
- P=860 W —> 55 W [ Temmo T o
- Q rises to 720 VAR T Vo ey
« voltages: 0.5 pu, 0.92 pu and 0.92 pu \ M- |v'b|,ms|vc|mvw \ . |V e
b T i
* VpV =133V > 174V Isov\m sI2A #\Eﬁxfw ISO\i/rms 2A T
*1,,=65A > 0.62A, at Mode I. e o
* PI controllers: ot A SO mmu nm uun U
o MwwﬁwwWAWWWWMMWWM| WMWWMMWWWWMWMWMMMW
»>settling time of Q=0.5s, W«Ha’) Mt“i' ‘Ml »l]' ililhlll| H|>| Wllltﬂlllll”lemlilll ll\hll} IM unlnmm h’ ity ’|||l|+i|\h|WUNIL'IIIW”|“( llnllliHIWH'Ih Hmlnwun WH'LIIIII lWlt'lhlim \M
overshoot of V. = 4.63 % Wi \ MMI ) U HIW‘IN Hﬂ wu U wunwl D L uum JALMRRALAY wuuu \1 i muw
* PWENN controllers: _I Fault Ocours s _ IAA Fault Occu
>settling time of Q=10.2 s, 74A o 71A Z8R
overshoot of V,, = 6.71 % OA/ Aﬂ% A/AA/AK W A MA/AA/ . \M\ A/ \A (\A/ W \Aﬂ\ﬂ [A\/
B S0 L1 SN S AN DLy B PO S T L B S AL
Fasa  @PL " oewenn
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Power Control Using PWFENN Controllers
Cases 1 to 3 Using FNN Controllers (1/2)

2 — \—x‘L 'JJ B — - (i
© cn L pr po : X -
RS g — . K/ - g{ NG -
0 } 200W/VAR oL $200wiv2 0.1s 0 } WNA\\;P* *\%
Time(s) ™~ Fault Occurs Time(s) Fault Occurs Time(s)
TNV B ::i::Z:: n /ﬂh 1 )
T i e 2 e e et — ! —
Iso :TsleI TI;)?S)' ISOWms/ZA 0.1s Iso\/rmslz/X%;T‘S . 0is|
X P m e o I i 4 i |N|r1li s TR |l1|‘|”l' I
o s MWWMWMWWWW ,MMMWWMWWP
! 15 0.
Fault Occurs Time(s) \ ( ) “>Fault Occurs Time(s)
f<m A m‘/ia ib\‘ TAVAT A AVATA] RRTAVATRY \’i;'c NNV
ofy Kmﬁ Ky VK yﬁ Kyﬁ éY AY Vé Av Av VAV VA A\/A Av AV VAV VA A\/ 0 VA /\VA AVA Av VAV \/A AVA AVA Av VAV
e o JIVAVIVVAN I .VAVINVAY % '“A{X/ MIANIANANL o\w
Fig. 5.5 (a) Case 1 e (b) Case 2 e (c) Case 3 e
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Power Control Using PWFENN Controllers
Cases 1 to 3 Using FNN Controllers (2/2)

Case 1): Case 2): Case 3):

* P,=600Wand P =530W * P,=1000 W — 820 W * P,=1000W — 88 W

« Qrises to 378 VAR «P=896W —> 720 W *P=886W—15W

* voltages: 1.0 pu, 0.76 pu and * Qrisesto 377 VAR * Qrises to 655 VAR

0.76 pu - voltages: 1.0 pu, 0.76 pu and - voltages: 0.5 pu, 0.91 pu and 0.9

* Vv and I, unchanged (Mode I). 0.76 pu pu

* Vipp = 150.5V, irradiance = 600 * V,,=1512V > 164V *V,,=1514V > 174V

W +1,=66A>50A atModell. | * l,,=6.6A—>0.44A, at Mode II.

* Vo = 1500V, 1,,=3.99 A + Pl controllers: » PI controllers:

* Pl controllers: >settling time of Q= 0.3 s >settling time of Q= 0.5s
»settling time of Q= 0.3 s »>overshoot of V,, = 2.5 % »>overshoot of Vg, = 4.63 %
»overshoot of V. = 2.6 % « ENN controllers: « ENN controllers:

* FNN controllers: > settling time of Q= 0.15 s »>settling time of Q=0.25s
»>settling time of Q=0.12 s > overshoot of V. = 3.3 % »overshoot of V. = 7.5 %
»overshoot of V. = 1.2 % « PWFNN controllers:  PWFNN controllers:

* PWENN controllers: > settling time of Q= 0.1 s »>settling time of Q= 0.2 s
»>settling time of Q=0.1s > overshoot of V. = 1.1 % »overshoot of V. = 6.71 %

>overshootof Vg, =1.14%  gering, National Central University, Taiwan
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Performance Discussion

ower Control Using PWFNN Controllers

5.2

350 s mP| mFNN = PWFENN 5 mP] mFNN = PWFENN
00 - Qatcasel || 4 V. at case 1
* The performance measurements of ol 2
PWENN controller are superior to the other = - ? )
1 g
controllers (P1, FNN). s I - B | NI
= = s \ﬂaximum—Fe—i\anﬂArd
« When the FNN and PWFNN controllers Maximum Average sandard | | Deviation
. . eviation 2
are implemented, the overshoot of V. is (a) Case 1
larger owing to more energy accumulated
) . g ) mP| ®FENN = PWFNN 6 = PHEFNN-=PWFNN
in C,. during the transient period. #0729 g,
20 + Qatcase?2 || 5 V. at case 2
 computation complexity o ‘1
. 100 ¥ 3 22
> PWFNN: 753 computation steps. 1 ar o |27 e
) 501 184 63, VRIERS 05
>PI: 3 computation steps. I A ogeo ‘
- ) - Maximum Average SDt:\t/r:gg;ﬁ | v
« implementation complexity pevaton
_ (b) Case 2
»PWFNN: 427 code lines/ 14k bytes. — Bl ENN = PWENK — P RENN S PWENN
»>Pl: only three function blocks by o RECEEI |y Vaateases
using Simulink., 0
) 186.8 81
200 1 6
100 ¥ so 187 5 539 44,225 ‘2‘ - 28 25 |
0 : e ; ‘ 0 K ; 067 gy 06 ; :
Maximum Average SDtglr;gg;ﬁ 2 p@mm—mgage—m—f
Fig. 5.6 (c) Case 3
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ower Control Using PWFENN Controllers

Decreasing of Irradiance with Boost Converter Operated at Mode |

Case 4): single phase-to-ground
fault occurs with 0.5 pu voltage dip

* t = 0.2 s: voltage sag occurrence
P,, =603 W, P =533 W (unchanged)
* Q rises to 383 VAR
« voltages: 1.0 pu, 0.77 pu and 0.77 pu
*V,,=150.3 V, l,,=4.1 A, at Mode |
« t = 1.0 s; irradiance 600 — 300 W/m?
* P,,=603W — 305W
* P=533W — 243 W
* Q =383 VAR (unchanged)
*V,,=151.6 V, 1, =2.1A, at Mode |
 The irradiance change after grid fault
may cause the response of P

oscillating for both the PI or PWFNN
controllers with stable response of Q.

Department of Electrical Engineering, National Central University, Taiwan
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qﬁm%«“w “ v et i AR e
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1 wr. RGL - uhmm WWWWWWMWWM

\uu ‘U A AL
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“~Fault Occurs Irradiance Changes \FauItOccurs ' \Irradlancechanges

() PI (b) PWFNN
Fig. 5.7
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ower Control Using PWFENN Controllers

Decreasing of Irradiance with Boost Converter Operated at Mode |

Case 5): single phase-to-ground
fault occurs with 0.5 pu voltage dip

* irradiance = 30 W/m?

» t = 0.2 s: voltage sag occurrence
Pn=30W,P=0W

* Qrises to 391 VAR

» voltages: 1.0 pu, 0.77 pu and 0.77 pu

*V,,=1589V, |, =0.23A, at Mode |

« If the output power of PV panel is less
than 30 W, the generated power can’t

Q*

owl /N0 /~a :
SUVV p P |J
o yd » 0 J ¥ J
1200 V/VAR 0.2s Izoo IVAR 025
“~Fault Occurs “Fault Occurs
200V - ~ 200V
\Vdc Vdc ¥ \/dc \/dc '/VPV
| | (- (- (.
‘:E‘r \"lb\m \‘1\ \‘;a\ \"lb\ s \"‘\
] ¥ ¥ ]
-
Isov ms/2A o 0.2s Iso rms/2A ,'n 0.2s

Fault Occurs

Fault Occurs

AR
‘ ‘\ M il W\ i \"‘\ Hl H

) \'uﬂ‘ 'V

Support the eIeCtronIC CIrCUitS to 14AV\FaUIIOccurS e “Fault Occurs
operate and the boost converterand ., —— 71A — =
three-phase inverter will shut down. NI @(“ YOO Wﬁ(ﬁ@@(
° AAIAAS TOON U ANIAN]
i I aA 0.01s . I4A D01
Fig. 5.8 (a) PI (b) PWFNN
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Power Control Using TSKPFNN-AMF Controllers

Three-Phase Y-A
PV Panel Boost Conver+ter Inverter L ssR 1107220
1 » I s ~ o
Fig. 5.9 . | oc [, 1o |pc — T Ve + Vea T 3-Phase
pc| “T ™% “ac (@%@ ol " Ve o |, Grid
4 4 ic -7 12\/5
PWM Current |5 -
. Controlled=" 10002
VCO n A E\A{J\{! A.* : —
Ia Ib Cc
— L |
Limiter dq/ abc - 2
| — —— 0, Power [«
BI1 lq lg Calculation=I
Controller ,FE" and [+ Vap
] I — PLL Vi
K i |IPI2ITSKPENN-AMF1| |PI3/TSKPFNN-AMF2 Vo
- Controller Controller o]
swi
V \
ANEEUN I [sw2 Grid | Va
e % Sw3 ~—Voe
va —ok—0 Fault DERY
- Ly s o P 3.+__o><0 Q" |Control 1l
The integral of squared Vi o QLE
error (ISE) of the tracking Vdcﬂ.
. Mode Selection
error TISE . ; V,, PC-Based Control System
m
0 2 *
Tie = [ {e@Pdt = ATY (T (N), Ter (N) =T*(N)=T(N) (54)
N=1

Department of Electrical Engineering, National Central University, Taiwan




Power Control Using TSKPFNN-AMF Controllers

Reactive Power Supporting at - o
e P S A SO B e s D™ i s N
Mode | » o
Case 1): double phase-to-ground fault Tnie N TSN B
occurs with 0.3 pu voltage dip oo | G
+ P,,=612Wand P =524 W A VL i
hd Q rlses tO 456 VAR Ts_;rms/ZA l l ﬁ g/rms 2A l l E
. Vo|tages O 7 pu O 87 pu and O 87 pu “Fault Occurs Time(s) Fault Occurs Time(s)
* V,,=150.9V, |,,=4.05 A, at mode | i . o Fs
i, changes from 4.1 Ato 4.9 A; i " rises t0 2.9 A I / = N —
° PI ContrO”erS YSFault Occurs Tin?:(z) \FauItOccurs ‘ Tirr?;:)
»settling time of Q= 0.45 s, overshoot of ! " ‘ . (n { """ w n Ll f' w) m l ! f iy
VdC ) 49 % Ow JH H “ \J |I \ I H \ H‘ ' 'N‘ ,l 1 “ I MI 1 lk J\H \ ‘H \' ‘H}l l
« TSKPFNN-AMF controllers: o i P M
>Sett||ng tlme Of Q: 03 S, Overshoot Of VdC Fault Occurs o Tlme(s) Fault Occurs — Tlme(s)
— 0 A A A A AN L VA VeV VL NG iV (VAN N YA
* The settling time of Q is decreased by 33.3 % _m/\’ Loy \}" SIS ELSANIE o o i [ & Al
and the overshoot of V. is decreased by 70.4 % [}« oo o e
by using the TSKPFNN-AMF controllers. Fig. 5.10  (a)PI (b) TSKPFNN-AMF
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Power Control Using TSKPFNN-AMF Controllers
Reactive Power Supporting at A i
Mode 11 ><<O :’:{M I K ;
Case 2): double phase-to-ground fault R e B E T T A iy
occurs with 0.7 pu voltage dip o
I N ] e }
* Pp=1005W — 102 W; P=882W — 21 W JE 1 Vo Pl MVW
« Qrises to 527 VAR, , at mode 11 [Tl et T ol =
. Voltages O 3 pu O 67 pu and O 68 pu ault Occurs ime(s) ault Occurs Time(s)
* V,, =150.4 — 1739V, I,,= 6.6 > 0.52 A — = &
i, drops from 6.2 Ato 1.3 A; iy risesto 5.9 A AN . - Ny
IZ A x5 I A “ A Ty
i PI ContrO”erS TFault Oceurs Time(s) “Fault Occurs Tlme(s)
»>settling time of Q= 0.7 s, overshoot of V. M [ w i ' I h H \ il m i u [
=549 ] ‘ i 1 w H l ’ |
=>A4% u\ l (“ H ‘\ ]H H ‘ H‘ l ‘H wu
» TSKPFNN-AMF controllers: foa_ 0(15) %5
Fault Occurs Time(s Fault Occurs Time(s)
»>settling time of Q=0.16 s Job ) o
TN ;r\\\ ) / | VTNV TN ;“J 71A ] ) } 7 jv\x ;‘, ) ’ / N
» overshoot of V. = 7 % (by PI1) . \/// \ / \/s‘ /\\\Es‘ / \; // \ . \\ // \‘; W // \5 A \5‘ \//
* The settling time of Q is decreased by 77.1% ;- AT O] i U LAS AT
by using the TSKPFNN-AMF controllers. Fig. 511 (a) Pl Time(s) (b) TSKPENN- AI\T)ImI?)
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Power Control Using TSKPFNN-AMF Controllers
Reactive Power Supporting at .9 o
Low Irradiance e EeSE
Case 3): double phase-to-ground fault JEE- T T md Tmgme I
occurs with 0.7 pu voltage dip e N
* Irradiance: 100 W/m? EEE BIVRVE HN PRV
*P,=106W > 776 W; P=63.8W > 14W  [falsss v == ol t— o
« Qrises to 522 VAR, , at mode II e . T o
» voltages: 0.29 pu, 0.67 pu and 0.68 pu /
* V,, =158 — 168V, I,,= 0.67 — 0.46 A - k I A I
* 137 > 1.23A; i, risesto 5.9 A N I — T""e@ —FaultOcaurs e T'me@
* PI controllers: JHH H i ’” ' T - )}’ I' i H [ , I ’
»>settling time of Q= 0.65 s, overshoot of 1 H ‘ \ “ i w ‘ H \ | H\ H ‘ | m b ‘ H
Vg = 1.9% R I - =
* TSKPENN-AMF controllers: AN Tsia‘\ib\izs VAR YIVA TN VAT e VI VAT ’sia‘/ii‘ic NNV
»>settling time of Q= 0.2 s fANNUANAR AN AN ANLAR AN AR AN A,
»> overshoot of V. = 1.4 % (by PI1) 214 14; o g .7_1A/I/4/; ARSI AR AR m
* The settling time of Q is decreased by 77.1 % Fig.5.12 (@PI (b) TSKPFNN-AMF
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Power Control Using TSK

Reactive Power Supporting at
Unsymmetrical Unbalance
Fault Condition

Case 4): double phase-to-ground fault

unsymmetrical balance fault with 0.3 pu and
0.5 pu voltage dip
* P,,=609 W — 546 W; P = 532 W — 449 W
* Qrises to 556 VAR, , at mode I
« voltages: 0.61 pu, 0.77 pu and 0.86 pu
*V,, =152 > 162V, 1,,=40 > 33A
i, 41 —>49Ai; risesto4.1A
* PI controllers:

»settling time of Q= 0.45 s, overshoot of
Vi =4.1%

» TSKPFNN-AMF controllers:
»settling time of Q= 0.3 s
» overshoot of V. = 0.6 % (by PI1)

PEFNN-AMF Controllers

P P Fil
— T = ==
/‘\Q Q:-‘C pr TQ
Q" |
1 200wvAR o1 } 200wivaRr o01s]
Fault Occurs Time(s) Fault Occurs Time(s)
» Vie dc
e e </; P
LA A Y Vel Mol M| o
Iso tmsi2A. o1s] Iso msiA 15
0 Fault Occurs Time(s) Fault Occurs Time(s)
ic Ia
1] i oot M b r!.WrM','Ma
i i
2 o1 Joa 015
“FaultOccurs Ti me(s) “SFault Occurs Time(s)
}\ ! M ”/ ' "' il " ' ‘, i H}’a“lf ’IE | H[‘l‘”\ il
i H I I f” e,
] .\\:u, i ! A W
ul u ”” g A il Ul
Jon o 1A 0.1s
“SFault Occurs Time(s) Fault Occurs
ACREDE DA
/ \‘\‘ ‘j‘/ \ “\\ /“ \\ \ ’c”’/ \ / “J‘ \ At /3 ‘w“ \
IO R T Y e
71AL/ VAVAULV/VINLV. \/ 714l Y 1AW |/ ‘\‘ \
Jaa o f4A Totd
. Time(s) Time(s)
Fig.5.13 (@) PI (b) TSKPFNN-AMF
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Cases 1 and 2 Using FNN Controllers (1/2)

PEWErCsRTrol Using TSKPENN-AME
Controllers

I =P Q
I ! i [
‘I“‘ T N — | l T
I —~—— YT P w—
1200WNAR | \P*‘ |  0.1s
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‘/VdcI |
\‘\@; _ ———+—
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/ pv H i
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Isowms L me®
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i ];'ﬁ' il i
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0.013
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- _ﬁll il -
|
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Fig. 5.14

(@) Case 1

(b) Case 2
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Power Control Using TSKPFNN-AMF

Controllers
Cases 1 and 2 Using FNN Controllers (2/2)
Case 1): Case 2):

* P,~=608 Wand P =520 W

* Qrises to 457 VAR

» voltages: 0.7 pu, 0.87 pu and 0.87 pu
* V,, =150.6 'V, 1,=4.03 A, at mode |

* PI controllers:

* P,,~=1008 W — 96 W; P =887 W — 13 W
* Qrises to 504 VAR, , at mode Il

» voltages: 0.3 pu, 0.67 pu and 0.67 pu

*V, =1514 174V, 1,=6.6 — 0.0.46 A

* PI controllers:

»settling time of Q=0.45s
»overshoot of V. = 4.9 %

* FNN controllers:
»>settling time of Q=10.42 s
»overshoot of V. = 4.5 %

* TSKPENN-AMF controllers:
»>settling time of Q= 0.3 s
»overshoot of V. = 1.45 %.

»>settling time of Q= 0.7 s
»overshoot of V. = 5.4 %

* FNN controllers:

»>settling time of Q=0.55s
» overshoot of V. = 5.7 % (by PI1)

» TSKPFNN-AMF controllers:

»>settling time of Q=0.16 s
» overshoot of V,. = 7 % (by PI1)

Department of Electrical Engineering, National Central University, Taiwan
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Power Control Using TSKPFNN-AMF Controllers

Table 5.1 THDs of Three-Phase Currents for Case 1 to Case 4

Test Case Controller 1,(%) 1,(%) 1.(%) Average (%)
Case 1 Pl 8.73 8.72 7.16 8.20
TSKPENN-AMF 8.23 7.23 8.82 8.09
Case 2 PI 1598 1424 18.26 16.16
TSKPFNN-AMF 16.90 16.55 21.45 18.30
Case 3 Pl 1759 16.62 21.87 18.69
TSKPENN-AMF.~ 20.65 18.86 26.22 21.91
Case 4 Pl 9.20 10.79 11.58 10.52
TSKPENN-AMF 19.99 2574 34.20 26.64

* In Case 4, the THDs of i, i,, and i, are 9.2 %, 10.79 % and 11.58 % when the PI controllers are
used, and the THDs of i, i,, and i, and are 19.99 %, 25.74 %, and 34.2 % when the TSKPFNN-
AMEF controllers are used.
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Power Control Using TSKPFNN-AMF Controllers
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* The performances of TSKPFNN-AMF controllers are superior to the other controllers.
« Computation complexity: TSKPFNN-AMF controller: 662 steps; P1 controller: 3 steps

 Implementation complexity: TSKPFNN-AMF controller: 377 code lines/ 13k bytes; PI controller:
3 blocks
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Conclusions

Conclusions
* \oltages and currents analyses of PV system during the grid faults were described.
« A dual mode operation control method is developed.
» Network structure, online learning algorithms and convergence analysis.

« Performances of the proposed controllers are better than PI, PID, FNN and WFNN
controllers.

» Major contributions

» The formula for the depth of the unsymmetrical voltage sags is proposed and used to determine
the injected reactive power during grid faults considering the current limit,

» The dual mode control strategy is developed to maintain the balance of power between boost
converter and three-phase inverter during grid faults

» Two intelligent controllers are developed to control the active and reactive power of the grid-
connected three-phase PV system

» The BP-based online learning algorithm of the PWFNN and TSKPFNN-AMF controllers with
self-tuning learning rates.

» The proposed controllers are successful implemented to control the power and DC-link bus
voltage of a three-phase grid-connected PV system during grid faults.
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