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## 6470138021 : MAJOR ELECTRICAL ENGINEERING
KEYWORD: PV Inverter, Voltage regulation, Reverse power flow, Prosumer, Net zero energy
Kantanat Ratchawang : Optimal reverse power flow control for prosumers using PV inverter .

Advisor: NAEBBOON HOONCHAREON

This thesis proposes energy management for optimal reverse power flow control using a PV
inverter of a prosumer. It treats a distribution network as a virtual energy storage system while limiting the
magnitude of allowable reverse power flow. This concept adds value to the prosumer's reverse power flow
and provides additional income for the distribution system operator through setting the purchasing rate of
reverse power flow lower than the respective electricity tariff for the prosumer. Such rate difference can be
taken as a service fee for prosumer’s energy deposit to the grid. Test results revealed that when the proposed
prosumer’s energy management system controls only the PV inverter by allowing reverse power flow to the
grid with set limit, the net cost of electricity, the curtailment of solar energy production and the net energy
consumption can all be reduced. The key parameters affecting the energy management system performance
are the service fee and the reverse power flow limit. In the case when the reverse power flow limit is set at 10
percent of peak demand of the prosumer, to avoid large amount of reverse power flow possibly causing an
overvoltage problem in a distribution system, it was found that integrating control of flexible loads into the
energy management system can further reduce the net electricity cost, significantly. Additionally,
experiments on enabling a voltage support function of the PV inverter, with the characteristic of adjustable
power factor in the range between 0.9 leading and 0.9 lagging with respect to the amount of real power at the
point of common connection, showed that this could improve voltage regulation performance in the
distribution network and reduced the number of transformer tap operations from an average of around 10
times to 6 times per day, while the total energy loss in the medium-voltage distribution increased
approximately 0.03 percent, compared to the respective cases without enabling any voltage support function.

Nonetheless, such an impact can be negligible.

Field of Study: Electrical Engineering Student's Signature ..........cccoeeeveeeeennen.

Academic Year: 2023 Advisor's Signature ..........ccoceeeeeeeeeneene
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Nominal line-to-line voltage 110kV
Voltage Voltage range normal operation 100 kV/123 kV

Voltage range transient fluctuations | 96 kV/127 kV

System topology Mostly meshed

Grid Layout | Phase configuration Three-wire/three-phase

Installation type Overhead lines/cables
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System topology Radial and meshed systems
Grid Layout Phase configuration Three-wire/three-phase
Installation type Overhead lines/cables
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0.4 kV
+10 % Vy 1, (EN50160)

Nominal line-to-line voltage

Voltage Voltage range normal operation

Permissible voltage rise by feed-in (normal operation) AVnax < 3%

Grid System topology Mostly radial, in urban
areas

also meshed systems
Installation type Five-wire/three-phase
Mostly cables

Layout Phase configuration
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MINN 9 WIATFIUUTITLAVUTNAUVONTLUNAANTFOINTN

VOLTAGE Nominal System Voltage Nominal Voltage Range A Voltage Range B
CLASS Utilization (Note b) (Mote b)
Voltage Maximum Minimum Maximum Minimum
{MNote a) (Nate h)
2-wire J-wire 4-wire 2-wire Utilization and Service Utilization Utilization and Service Utilization
3-wire Service Voltage Voltage Voltage Service Voltage Voltage Voltage
4-wire (Mote c)
Low Voltage Single-Phase Systems
(Note 1) 120 ‘ | 115 | 126 114 110 127 110 106
1207240 115/230 126/252 114228 1107220 127/254 1107220 1061212
Three-Phase Systems
208Y/120 200 218Y1126 197Y114 191Y110 220v127 191YM10 1B4YM06
(MNote d) (Note 2) {Note 2)
2401120 230115 2521126 2281114 2200110 2541127 220110 2121106
240 230 252 228 220 254 220 212
480Y/i2T7T 460Y/266 504Y7291 456Y/263 440Y/254 508Y/293 440Y7254 4247245
480 460 504 456 440 508 440 424
600 575 830 570 550 835 550 530
{Note &) (Mote g} (Note g}
Medium 2400 2520 2340 2160 2540 2280 2080
Voltage 4160Y/2400 43702520 405072340 3740Y/2160 4400Y/2540 395072280 360072080
4160 4370 4050 3740 4400 3950 3600
4800 5040 4680 4320 5080 4560 4160
6900 7240 6730 6210 7260 6560 5340
B320Y/4800 B730Y/5040 8110Y/4680 BB00Y/5080 T900YF4560
1200076930 12600¥17270 11700Y/6760 12700Y/7330 11400Y/6580 (Mote T)
12470Y/7200 13090YI7560 12160Y/7020 (Mote f) 13200Y/7620 11850Y/6840
13200Y/7620 13860Y/B000 128TOYIT430 13970Y/8070 12504Y/7240
13800Y/7970 14490Y/8370 13460Y/7770 14520Y/8380 13110Y/7570
13800 14490 13460 12420 14520 13110 11880
20780Y/12000 21820Y/12600 20280Y/11700 22000Y/12700 19740Y711400
22880Y/13200 24000Y/13860 22290712870 24200Y13970 21720Y712540 (Mote f)
23000 24150 22430 (Mote f) 24340 21850
24940Y14400 26190YM15120 24320Y714040 26400Y1 5240 23690YM3680
34500YH1 9920 36230Y/20920 33640719420 36510Y/21080 32780YM8930
34500 36230 33640 36510 32780
Maximum
Voltage (Note g) | NOTE 1—Minimum utilization voltages for | NOTE 2—Many 220-volt motors were applied on the
48000 48300 120-500 voit circuits not supplying lighting | assumption that the utilization voltage would be less
loads are as follows: than 187 wolts. Caution should be exercised in
63000 72000 Nominal System  Range Range | applying the Range B minimum voltages of table 1 and
High Voltage 115000 121000 Voltage A B note (1) to existing 208-volt systems supplying such
138000 145000 120 108 104 mators.
161000 169000 1201240 108/216  104/208
230000 242000 * 208YNM20  187Y/108 1BOY/04
Extra-High 345000 362000 242"41}20 2z 2’11;’3 202!3’:!04
Voltage et e 4BOVIZTT  432YI249 416Y/240
765000 800000 480 a2 416
- 600 540 520
Ultra-High 1100000 1200000 - (Note 2)
Voltage
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Active power generation

A

Pmppt

Pmppt _ m(uthr _ u)

Pmin

|-

» Voltage

uUCTE ythr

gulin 10 msaavguad lnihesede3s PU)

pmppt u< ucri
peal — ) pmppt _ m(uthr — u) ucri <u< uthr (2.3)
Pmin uthT S u

d’ [ 05’ I A
15NN 13 MsUSuaInas PU)

Ranges of allowable settings

Voltage-active power parameters Default settings Minimum Maximum
|41 1.06 Tn 1.05 n 1.09 Ty
Py Praed N/A N/A
) L1 x Vi+0.01 1.10 7w
P> (applicable to DER that can only The lesser of P P
generate active power) 0.2 Prated OF Prin® - moted
Py (applicable to DER that can generate . ,
R 0 0 P rated
and absorb active power)
Open Loop Response Time 10 s° 05s 60s
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Voltage- i .
reactive Default settings Ranges of allowable settings
power y - .
parameters Category A Category B Minimum Maximum
Vrer 55 Fx 0.95 ¥y 1.05 Fy
2 ¥ Frae—0.02 ¥y Category A Pras®
Fras
Category B:
Vazs— 0,03 Fy
(12 0 0 100% of 100% of nameplate
nameplate reactive power
reactive power capability, imjection
capability,
absorption
¥a Fx Frae +0.02 Fx Faaf Category A Fras
Category B: Frar+
0.03 Py
& 0 0 100% of 100% of nameplas
nameplate Teactive power
reactive power capability, injection
capability,
absorption
¥ 0.9 Fx Fres— 0.08 P Frer— 018 Fi Fa=0.02 T
0" 25% of nameplate 44% of 0 100% of nameplate
apparent power nameplate reactive power
rating, injection apparent power capability, mjection®
rating, injection
¥y 11 Wy Fras+0.08 Fx F3+0.02 B Frae+ 018 Fy
04 25% of nameplate 44% of 100% of 0
apparent power nameplate nameplate
rating, absorption | apparent power | reactive power
rating. capability,
absorption absorption
Open loop 103 5s ls s
response
time

*The DER reactive power capability may be reduced at lower voltage.
*If needed DER. may reduce active power output to meet this requirement.
‘Improper selection of these values may cause system mstabality.
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(Absorption)

Q (Injection/over-excited)
A

Y
(Absorption/under-excited)

Category A

P
(Generation)

71N 12 IaT1iAv89 Category A
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i (Generation)
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15NN 15 M5UTUsiAI1IF Fixed Q

afin | naalnineda anenas iTuaniiv fumasiniTuaain
P<0.05Prated 0 0
A | 0.05<P<0.2Prated | 3241919 0.11 9 0.44 Srated | $211914 0.06 014 0.25 Srated
P>0.2Prated 0.44 Srated 0.25 Srated
P<0.05Prated 0 0

g | 0.05<P<0.2Prated

3v11914 0.11 D4 0.44 Srated

3v1914 0.11 04 0.44 Srated

P>0.2Prated

0.44 Srated

0.44 Srated
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Nuclear renaissance

Fusion reaching
commercial viability
or wide deployment

of new generation
Fission plants

Supergrid

%"ﬁfﬁ

Deploying conti-
nental overlaying
HVDC grid, inclu-
ding neighboring
countries

Superconductivity

Technology
becoming very
widely applied

for new lines

Prosumers,
Microgrids

I}
Tos

High uptake of

local systems,
complementing
present top-down
grid architecture

Hydrogen Uptake

Y

High present
expectations
materialise only
partially

Cheap short &
long storage

Becoming wide-
spread in all use
cases as promi-
nent provider of
flexibility

Carbon Capture &
Storage

wide application to
fossil plants

Deep digitalisation

Pervasive modifi-
cations of most

devices, systems
and processes
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Optimization Optimization Objective function
framework method and constrains
/\ N
Offline Online Deterministic Stochastic | RDbUSt. objective
RHS programming function
and
MPC
¢ ¢ * # e
" Classical it ¥ : objective objective
Schequllng Time|step ‘malhemalical Metaheuristics| = Rule-based AR | Hybrid ‘
horizon " methods methods methods

LP, MILP, QP, MIQP,

6h, 12h, 20, 24h, , 30min, 15min,
48h, 72h, 96h and 10min, 5min and
168h 1min

NLP, MINLP, DP, RBA HDPLP, HGAPO
SLP, SQP, SDP and and HGAFL
CMISOCP

Tehnical and | [Environmental| [ Economic,
economic and economic| | te hmcal and
objectives objectives nvironmental

PSO, WOA, GA and
MVPA

‘ FL and ANN
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AConsumption w: Activation
(warm-up)
prate a3 d; Jo c: Deactivation
(cool-down)
d: Operation

(Conventional)

pl........

Pl

Period
12 3 4 56 7 8 9 10 11 12

Interruptible SL example (C'T" = 3).

Consumption
A Advanced
model
P $2,4 G35 ‘:4,6 R
2,34 Conventional

5 / model
Prare 3,4,...,.8,9
Ps 1£24
P, 1,3 :
Pe, €65 %79

Period

12 3 4 56 7 8 9 101112

Uninterruptible SL example (C'I" = 7 for conventional or 7 cons!
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3.2.2 Yoyams 14 lwhuesszuunadou
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Load factor 0.87
Utilization factor (Feeder rated) 0.85
Coincident factor 0.95
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Max = 6.8 MW

Total Energy = 141.364 MWh
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Distribution network

M
Prosumer AN

Prosumer’s objective Grid interaction
* Minimize electricity costs * Virtual Energy Storage System (VESS)
* Achieve Net Zero Emission
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Jdo o 4
4.2.1 ansuingilseaan
[ J o [ 1% o ) o = J
TagUseasadmiumstansnasnudmiy Insguesae msaaa I

Tagnnsanldise lanmsnemadd i lvadou Tasaunsadeuldasanms

CPimportAt -(1- AC)C‘PexportAt (a.1)

[} 1 L X ] T A v o
Tae ¢ fo oasia IilihngeainTasene Tl (meaen Tadaded Tua)
1 1 [ 1 a I~ [ 1
AC do aruaeoasa i @adlusasiaiu o 8a 1)
o 4 o w
422 myadrunuiiaeeenlsznevuazdadiia
o d‘ a Y o w 1 Y o v Aw d‘
msfmuaeu lvaznnsandoesinanianmenin wu vesinannana i Gou'ly
1% I o w .
voanaanuazanly Vess Wudu Tagazisznoulidqe desidaunuanms (Equality
Constraint) U ToNAAUUUDAUNI (Inequality constraint)
1Lou luauganiaInlilh (Power balance)
masmawan i wag anudesns lih deamidunnaium
Pz;‘v + Pimport o Pexport + Piyaa (4.2)
a o w { 4 1 1 J
MNAUMST (4.2) W53 Inavestias ldhingarendesznine Insymoes uag
[ o w a { [ a 4 o w {
Taseane Wi dudeiions Mdwwaan ldannaanuuaaoinad uaz mac lihnlvain
10 Tasae neauanie as mad i lvadou vag anudeans v
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2.1V UNDS 905
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o @ <3 [
3 UUUTAITLUUA AN LN WAL BUY
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Piie = Pimport — Pexport (a.q)
Etie = Etierr + PrieAt (4.5)
0 < Pimport < Pimport (4.6)
0 < Pexport < Pexport a.7)

EfU" < Eye (4.8)
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fagssasdinild Tnsquuesticldea llhae futesiiqa G?'Nmimuangﬂuuuﬁﬁ’m
PIRMINGINTA VRIS INAANANE NS tag Traa 318 15 W1# avanth 1 Tu

AT OUAAININTINVBITEVUAIFUN 33
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Daas system
P (1)
—_—— =
B e pRiaaq AN
p Py (1)
PLoad (t) [ | RY
| ¥ va actual t)
. —_—— = —
Pco)m‘u.’(r) v
Pcontrol(t)
4+
Flexible Load
Puncontrol(t) Ptie (t)
Uncontrollable . —— M—IW\—
Load
Distribution network
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Ee(t) o Wé’qmuﬁazauagﬂu VESS
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. 1 I 1 4
aunulazaiseemilu 2 Uszinnie Tnaauuuaeiiiod (Continuous load) tag Trnaauuy
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1.0 Tvawgana I (Power balance)

Pz;kv(t) + Pimport(t) = Pexport @) + PLoad (t) ,vt (4.10)
pLoad(t) = (Pgontrol(t)) + PUncontrol(t) ) vt (4.11)
Pgontrol(t) = Pcon(t) + PrareqU(t) (4.12)

2. UUU0INIBUNDT aDS
0< P;;kv = ppv(t) Vit (4.13)
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Lwaaau Tlihnly
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Z Pcon(t) = Energy consumption (Daily) (4.14)

t
2. namumad i
Pmin < Pcon(t) < Rated power V't (4.15)
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Prated YT U(t)*(t) = Energy consumption (Daily) (4.16)

2.0 lvmsdaila-Ta lssandunein [25])
Ut) = Ut —1) = V() = W) Vit
Vi)+ W) <1 Vvt

V(@) S U() Vt € [TynT]
i=t—Top+1

Z W(@{) <1-U(t) Vt € [Ty, T]

i=t-Toff+1

uce),v),w() € {0,1}

(v 4 a [ v d
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45

(4.17)
(4.18)

(4.19)

(4.20)

H E4 v
manuguimas i Inadeousdraming igazaiadsy Towin Insgwes 1850 3 au

1 a a [ a 4
Ao m"l,wv’\hqm (Net Billing cost) NMIHAAWANNIUIINTSUULHIDINGY (PV generation) LA

[ a a = [
WAINUGNT (Net energy) Tagvzilsziiusemon (30 1u)
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4.4.1 allshans
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Voltage profile from 80% PV penetration
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Comparison of Performance index with 10% flexible load (10% maximum export to grid)

% Electricity cost reduction® 7.266%
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%Net energy reduction *** 5.11%
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% PV energy curtailment **

PV energy curtailment from increasing flexible load
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