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Industry Challenges - Emerging Technologies

Renewable
Generation

e High penetration e Performance e Design & e Application
issues (PQ, evaluation Protection evaluations
stability and e Control o Safety e Communications
protection) functions e Control & infrastructure

e Smart inverter e Integration Operation (especially for
controls Distribution)

e Fault Current

Modeling, Analysis, Testing, and Diagnostics is required prior to field deployment of a new
technology or wide scale utilization
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Integrated Test Faclllty (ITF)

- Opened January 2014

- Seven Labs
« Power System (10 RTDS racks)
* DER (various DG and Energy Storage)
« Smart Garage
 Home Area Network
* Information Security
* Foundational/Communication
 Situational Awareness
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ITF Purpose and Utilization

= Purpose
* Allows for internal development and retention of institutional knowledge

* A true cross-functional effort, designed to help projects from different departments at SDG&E
coordinate and integrate, increasing SDG&E’s knowledge of power system and advanced
technologies

= Projects
* EPIC
* Borrego/DERMS
* Energy Storage Integration
* Volt/VAR Optimization
* Smart Inverter Pilot
* Resilient GPS Spoofing
* Power Your Drive

-~
SDGr

= )
A WSCH\]JTZ[ Energy utility

Copyright © 2017




CHIL Test Setup for Integrated Volt/VAR Control

RTDS Rack(s) +
Digital 1/O Interface Cards

LTC Control Doble F6350
Beckwith 2001C Amplifier
.Y a— Amplified

— Waveforms Analog outputs H

CAP Control
SEL 735

Voltage/Current
d In RSCAD model

VR-Control
SEL 2431

Digital Inputs to RTDS
H (Raise/Lower commands

etc.)

Device under test: Under load tap changer
(LTC), Capacitor controllers (SEL 735), Line
voltage regulator controller (SEL 2431)

-
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Power Hardware in Loop Testing (PHIL)

= High power amplifiers (grid simulator): in kVA range (e.g. 90 kVA), and up to 480 V
= Power Electronic device under test (inverter, converter, FATCS device)

Device Under Test
PV Simulator (Commercial PV/Wind Inverter) Grid Simulator

POI
Voltage
600 VDC (¥10 V)

. N il ‘ ‘, “n w ‘| 7 "
| sl v Inverter
» |
Inverter Control & x
Communications

(+10V)

Currents
Copyright ©2017
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Test Setup for Smart Inverter Testing - PHIL

" Power system (distribution circuit) is represented in Real Time Digital Simulation (RTDS) environment

¥ Voltage at PCC of inverter is measured and applied to inverter through power amplifiers

" |nverter output (current injection from inverter) is measured and injected to the simulated circuit at PCC

" |nverter output changes the voltage and power flow at PCC and interacts with the circuit

i
Real Time Digital Simulator (RTDS) I.. Terminal Valtage l
nm
Analog e Inverter Testbed Platform
(System  |Qutput —
conditions) Grid Simulator
"]i Simulated 2 Communication <
Circuit : 3
(Inverter Anal =
output) |ANI08 Control System
Input
Current Transducer ‘ I Power Flow
T & Surrent Qrujpet I Control Flow
-
QUANTA _SDGE

Copyright © 2017 Slide 8

)
A gSCrnpra Energy utility”



Waveform Comparison: RTDS & Real World

|
RTDS model [
|
|
(MX1A) Inverter 1 I 480V
? E_ l f2 | N\
3 ‘ .
12kV/480V |
|
|
Subsystem #1|CTLs|Vars 0] | l
2 RITaR vl l Tek  JL Trig'd M Pas: 00005 CHz
+
I Coupling
l
10 l B Lirit
l
I 200rAHz
Wolts/Diw
D I 2
|
Probe
l 10044
" I Current
| Irvert
I Ot
- I CHZ 5504 P G.00rns CH2 1,184
0 000833  0.01667 0.025 0033 0.OMET 0.05 I 11-Dec-15 0817 G00611Hz
SDGE
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Smart Inverter Test Bed - Example Project
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DER Integration and Smart Inverter Test Platform

MX4a5-1 MX45-2 MXa5-3 RSSO0
Grid Simulator Grid Simulator | Grid Simulator Grid Simulator

—
-

PV Simulator - 1 J
Control and DC feed
Gt .
SLE Copyright © 2017 Slide 10
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Smart Inverter Test Bed - ITF Setup

* Multiple inverters from _I_
i P ; ain Power Distribution Box A
various vendors | <Y Miainuwer Distibuton 2 {1 A
* Three phase & single R e T . y
phase inverters | oV |
| Inverter |
e Grid-tie & grid forming . | 2 | .
inverters | S | -
2 : 2 : im:a or )
* Flexibility in changing the | - | e
. . | Inverter :
setup configurations ok | 3 |
. . - 4 1 ; ! Grid
* Two or four inverters in \ 4 | o | e
- B DC Cor.nbiner \_:_ Invedrter | lac Dis;::ution _— 5
p ara I I e | _/} DC Valtage ((:DI:ZCC)t @ - S & Voltagj/: (:CDPI) L AC Vollafe/
* Groups of two inverters o | invectar | Simulatr
. Simulator : ! 3
at one location : | v |
| Inverter |
* Mix of 1Ph and 3Ph | ; | oo
* Control through various 3 . | i
. 7 |
communication schemes | - |
(Modbus, DNP3, IEC 61850) | S |
-
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DG Dispatch: Inverter Controls & Communications

® Representing Utility approach in communications and controls of PV inverters (Dispatch)

Utility Control Center

Q

Communications Moo o Remote

¢ (Commands or DNP3 or Modbus ik | MM /o1

measurements) / [

Y — Lela

Plant Level Controller Pl :

i Gr GTAD 3
(Substation HMI)
Reomon

Modbus

DNP3

Proprietary
Protocol

Inverter 1 Inverter 16

Integrated RTDS I/O cards in an Automation Panel
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Site Controller and HMI for Inverter Controls

_
Inverter
Measurement 3
N
_
Inverter
Setpoint A
N
Command
Type

Inv 5: SMA 15.0 K . Inv 6: SMA 15.0 KW . v 6 Aurora Inv 7: 27 KW w7
Start/Stop
Comm SEMIT Serial Inverter - Start/Stop
Status: 0 Status: 0 Comm Status: 0 Comm
Measurements
o u Measutrements o . Measutremems Active Power Voltage Current Cos (Phi)
=T F=Eo - T=T g T=1 )= ————— (U= T=E T T =T, o1y - R ———————
| oocookw||  ooov||  ooooal|  oo0]
Active Pwr Total CLOOOES | | Active Pwr Total 0000k
Setpoints Curtailment %  p, Fact
Reactive Pwr Total LDROOEY AR | Reactive Pwr Total 0.000kYAR P v ower Factor
AC Measurement | | AC Measurement: ‘ 0 %‘ ‘ 000 ‘
Line Current L1 [ OO0A] | | Line Current L1 00004
Phase Voltage V1 0.00%(| | Phase VYoltage W1 000y Apply
Setpoints Setpoints
P Setpoint (%): P Setpoint {%): 0%
Aurora Inv 8: 27 kW s "I];SB
R . 1 1
PF Setpoint: PF Setpoint: Serial Inverter Status: gumrr?p
Droop Coeff. SP (%) Droop Coeff. SP (%) Active Power Voltage Current Cos (Phi)
| ooooww|| ooov|| ooooal| 000
Apply Apply .
Setpoints Curtailment % Power Factor
of 27kwW
Q (FF P (ki) a (PF
{l ) Q (%) P (%) { ) Q%) | D%‘ ‘ D.DD‘

] Droop
e

Droop

Apply

Back

All 1 Ph

E! T

oC
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Typical Smart Inverter Test Cases

® Voltage and Frequency Variations (Ride-through)

® Fault Current and Protection Analysis (e.g. anti-islanding, faults on adjacent circuits)

® Inverter Dynamic Response to change in DC resources (intermittency) and P/Q setpoints
® Power Conversion Analysis (Efficiency, Waveform Quality, Harmonics)

® Advanced Communications and Controls Cnanne! 3 - Photovortaic curve

® Inverter Characteristics (P & Q Curves) ) = e

® Load Rejection S

|

MPPT Accuracy M rwercm B 2

=

P/Pmax = 0.87 B E
! &

2

=

=

&

P/Pmax = 0.8

0 100 200 300 200 500 §00
Voltage (V)

Q/Qmax
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P-Q Characteristics of PV Inverters

Output power for Type A Inverter

. . . oo
Testing the rgactlve power capability 15 — —
curve of the inverter g 0 Ve Qf

® P =about rated kW g >
" Changing Q from -5 kvar to +10 kvar % 1 Ittt iyl
a 5 /
/
| . . -10
=>» P has dropped (priority on Q) 0 5 e 10 15
P vs Q for Type A Inverter
15
Q(kvar)t 10 — I
= 5 \\
E N
. S o0 \\
} P(kw) 5 D
-1010 10.5 11 115 12 125 13 13.5 14
Actual curve) T
(Theoretical curve) (Actual curve
-
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Fault Response Tests

—gs_—(M)ﬂA) : Inverter 1 :
l ( )
3 I al .
oy | i Three-phase inverter (Inverter A & B)
(MX1B) | Inverter 2 .
3E | response to fault and breaker operation
12kV/480V : :  Grid
| | Simulator
| | MX1
| : Output c_urrent Inv5_
: |
: 1 ] |‘\ If I“M‘|‘ (LI AN
ALl ‘ (R A MR A ACEARR L -
: M‘nn“uﬂu‘wln‘ll\ r‘ HHit “ 11 'M‘ AL H'I‘\ (i “u |
CB1 opens at t = 15cyc ( \ “\ “ ‘ ““‘i [ “ “ ‘ ‘ ‘ “‘ ‘ “‘ \‘ ‘ ‘H [ ‘\‘ \‘ ‘ ‘
ri i “'.“H‘ | H", “\‘<» AN lib‘ I
0 = L] Sin'\GuI:tor ilu”l“i}m\i“ !\”“ ""|1“I“‘1' 'il‘llil\llllil\\}ll il\\“‘ll'
MX2 | ; ;
Cault - -0.2 (0] 0.2 04 O.r6 0.8 1
Output current Inv8
Grid —_—
Sirr':/llx)l(a?,tor 0.05 g I
—2C
g o
Circuit Model in RTDS o
-0.2 0] 0.2 0.4 0.6 0.8 1 1.2
G‘
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Fault Ride Through Tests

Fault further away from the Inverter Fault Close to the Inverter

Output current for Inverter 1 (Type A) Output current for Inverter 3 (Type A)
0.03 r

I(kA)

IR O

0.015
0 02 04 06 08 1 12 14 16 18 2
Output current for Inverter 2 (Type B) Output current Inverter 4 (Type B)
0.1 T 0.1 I
—A —A
| B | —B
0.05 | —ch 0.05 —cr
g o g o
-0.05 / -0.05 —
i
0.1 -0.1 '
0 02 04 06 08 1 1.2 14 16 18 2 -0.1 0 01 02 03 04 05 06 07 08 09
time (s) time (s)

SLG Fault, 30 cycles

QUANTA SDGE
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Q-V Droop Characteristic Tests

Droop test, Inverter 5, Voltage Increase from 1 to

1.09 pu in 9 Seconds (increase rate 0.01 pu /sec) Vsource
Active power = 50% max 1
Droop Coefficient =10% o /
o1 "
g /
1
0 5 10 15
time (s)
Output power Inv5
~ 10
 Grid g Pr
Sll‘r':/lll)l(altor 6‘/ 5 Q
©
c
S o -
S ———
X
& 5
0 5 10 15
CB1 opens at t = 15cyc : Inverter 5 : o y time (S?f e
(mx2)] | _@_". o vs Vsource for Inv
Onm = 0 == | simitor 1
[] 12kv/480V i O 1 i v 0 ‘L
| Inverter 8 | - \
Fault occurs att = 0 T ::__:__:__:__:: ‘g 1 \\\\
| Inverter 6 | <
! (: ) ] O \\
}g(mr) EC II iSirr?urIi:tor N 7
1kv/asov O e Sos 1 1.02 1.04 1.06 1.08 1.1
| __ _[lnverter7 | Vsource(PU)
Gr' :
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Q-V Droop Characteristics - Comparison

Q vs Vsource for Inverter (Experimental)

4
2
: 5 1
c 0
Experimental - \_
-2 \\_
-4 C C L
0.9 0.95 1 1.05 1.1
Vsource(PU)
Q vs V for Inverter (Theoretical)
50 - \ i
Theoretical g o \ \
50 - - . \
0.9 0.95 1 1.05 1.1
Vterminal(PU)
-
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New Technology Evaluation with PHIL

= Dynamic load balancing concept (DLB)

* Using power electronic converters to balance the load on distribution circuits from upstream view

g Timecig)l Time (5)
W isa, POl i
ish b= -ia (
oW — = load
- - - - i i = 0
Eliminating negative sequence A0\ N L
i i Phase Cis
Utility Grid {1 iel| Jicd] ,
disconnected
Y (A (A )
S 3 pr S p
.4
.'
C C Vdc
S Sbn S
N

Dynamic Load Balancer
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150 kVA Hardware Testbed and DLB rack

RTDS is used to reflect the changes in the voltage at the
point of connection to the device under test

Real Time Digital

Simulator (RTDs) ©"d Simulator  current Load  Current
(Source) (Source) Transformers
A—) e 200A:5A
aaa Top level
B —
toren L controller
< > Load Bank 1
/\?‘”/Ie
Represents grid source
(a80v) \"”’\T
Current c

: 1A |B
~ Load Bank 2
InterconnectionA ﬁ
Transformer (/\f_“)\f

150kVA Y )
- S
(T

480V/480V

Load banks can be
configured in 3P
(110kW total) or 1P il
(55kW) configuration Yokogawa.

Power

- Analyzer

Dynamic Load Balancer f i

120 kVA Power Hardware in loop
Testbed DLB rack

-
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Example 480V - Resistive Load Test

Unbalance Unbalance
480V 5.2% 29.9%
AOA_——245.4A —>49.6A )
(N i
m p =—p 43.1A w3 50.4A A
U + {3 g
;;-TC} c =3 41.7A _ = 30.1A

— (e
= A |B C
20kwW 10k'W 10kW
-

&GE Copyright ©2017
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DLB is OFF

Integ(EL1):Reset

caling =  Line Filter Time

S
AVG Freq Filter

300.0 A
300.0 A

Imb =2.7%

| range = +/- 300 A

'YOKOGAWA 4
PLL1:[0 60.001 Hz
PLL2:M0 60.001 Hz

CF:3

S A(3P3W)

50mA
Sync: [l Integ:Reset
Element 2 _[LT1]
600V

12 50mA
Sync:[A Integ:Reset

24
Sync: Il Integ:Reset

Element 5 [0
1.5V Em
15 50mA

Sync:[EH Integ:Reset
Element 6 [N

U6 1.5VEMm
10mA

Sync: [ Integ:Reset

25 kW 3-Ph Balanced Load

DLB is ON

Scaling =  Line Filter
AVG Freq Filter

300.0 A&
300.0 A
300.0 A

Imb =3.6%

| range = +/-300 A

'YOKOGAWA 4
PLL1:M0  60.008 Hz
PLL2:M 60.008 Hz

CF:3

SA(3P3W)

Element 2 [Tl
600V FIm

12 50mA
Sync:[@ Integ:Reset

Element 5
1.5V Emm

15  50mA
Sync:[H Integ:Reset

Element 6 [T

Sync: [ Integ:Reset

15 -300.0 & 15  -300.0 A

<< 1602 (p-p) >> 100.000ns

2015/07/21 10:00:54

<< 1602 (p-p) >> 100.000ms

Update 36 (200msec) 2015/07/21 10:00:08 Update 83 (200msec)

IS (A) IS THD (%)

ISA | ISB ISC
Test# | DLB | ISA | ISB ISC o | THp | THD
OFF | 311 | 305 | 301 | 27 55 4.7 4.3 X X X
ON | 322 | 31.0 | 305 | 36 7.8 7.3 5.4 3.0 2.0 3.0

IDLB (A)
IDLBA | IDLBB | IDLBC

% Imb

o
SDGr
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25 kW 3-Ph Balanced Load and 25 kW 1-Ph

etween
DLB is OFF

Scaling =  Line Filter
AVG Freq Filter

300.0 A&
300.0 A
300.0 A

Imb =40.6 %

| range = +/- 300 A

-300.0 A
-300.0 A
-300.0 A

0.000s
Update 541 (200msec)

<< 1602 (p-p) >>

Integ!

Time

'YOKOGAWA 4

7 PLLI:M  59.999 Hz

100.000ns

PLL2:M 59.999 Hz

SA(3P3W)

Element 2 _[ITH]
[ suio}

12 50mA
Sync:[H_Integ:Reset

Sync: I8 Integ:Reset
Element 4 _[LTf]
U4
14 oA
Sync: [ Integ:Reset

Element 5
1.5V Emm

15  50mA
Sync:[H Integ:Reset

Element 6 [T
us

Sync: [ Integ:Reset

2015/07/21 10:08:33

Update

571 (200msec)

DLB is ON

Scaling =  Line Filter
AVG Freq Filter

Imb =5.7%

| range = +/-300 A

<< 1602 (p-p) >>

100.000ns

'YOKOGAWA 4

~ PLLI:[0 60.006 Hz

PLL2:[0 60.006 Hz

S A(3P3W)

Element 2 _[LT1l
0V EIm

12 50mA
Sync:[H Integ:Reset

13 24
Sync:[# Integ:Reset

Element 4 _[LTf]

U4

14 24
Sync: Il Integ:Reset

Element 5 [0
1.5V Em

15 50mA
Sync:[EH Integ:Reset

Element 6 [IH
U6 1.5V
10mA EITIT

Sync: [ Integ:Reset

9015/07/21 10:09:03

IS (A) IS THD (%) IDLB (A)
ISA | ISB ISC
0,
Test# | DLB | ISA | ISB ISC | %Imb | 25 | Thp | Thp | 'PLBA | IDLBB | IDLBC
- OFF | 624 | 635 | 301 | 406 | 28 2.2 4.4 X X X
ON | 542 | 506 | 49.4 | 57 5.4 4.9 42 | 210 | 160 | 15.0

QUANTA

TECHNOLOGY
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45 kW 1-Ph Load Between Phase A and B

DLB is OFF DLB is ON

Integ(EL1):Reset YOKOGAWA 4 Integ(EL1):Reset 'YOKOGAWA 4

Scaling =  Line Filter e PLL1:0D 60.002 Hz Scaling =  Line Filter Time e PLL1:0D 60.003 Hz

AVG Freq Filter PLL2:[0 60.002 Hz AVG Freq Filter PLL2:[0 60.003 Hz
CF:3

CF:3

SA(3P3W) SA(3P3W)

Imb =100.1 % o Imb = 8.5 %

15  50m

15  50m
Sync:[6 Integ:Reset Sync:[6 Integ:Reset
Element 6 Element 6
U6 1.5VEMm U6 1.5VEMm
10mA EIII 10mA EIII

Sync: Integ:Reset

| ra nge H +/— 300 A I range - +/_ 300 A Sync: [T _Integ:Reset

-300.0 A

-300.0 A -300.0 A

11 -300.0 A 11 -300.0 A
0.000s << 1602 (p-p) >> 100.000ns 0.000s

<< 1602 (p-p) >> 100.000ms
Update 764 (200msec) 2015/07/21 10:12:15 Update 807 (200msec)

2015/07/21 10:12:58

IS (A) IS THD (%) IDLB (A)

ISA ISB ISC
0
Test# | DLB ISA ISB ISC Yo Imb THD THD THD IDLBA | IDLBB | IDLBC

H OFF 94.4 97.3 3.1 100.1 1.9 15 48.3 X X X
ON 62.6 54.6 56.1 8.5 6.3 5.4 5.6 57.0 50.0 51.0

9 QUANTA _sDGE‘
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45 kW 1-Ph Load Between Phase B and C

DLB is OFF DLB is ON

Integ(EL1):Reset Mode(Trg) Over Integ(ELT):Reset YOKOGAWA 4
Scaling =  Line Filter Time e - 9.997 Scaling =  Line Filter Time — ——=—=I==I—= p{:m 59.977 Hz
AVG Freq Filter 5 ¢ AVG Freq Filter PLL2:M0 59.977 Hz

300.0 4 SAGPIW)

Imb =97.8 % v Imb=7.7%

Element 5 [0 \, o / / o Element 5 [XH
1.5V Emm A : s 1.5V mm

15  50mA 15  50mA
Sync:[6 Integ:Reset Sync: I8 Integ:Reset
Element 6 Element 6 [ITH
U6 1.5V
10mA FIm
Sync: Integ:Reset Sync: Integ:Reset

| range = +/- 300 A | range = +/- 300 A

<< 1602 (p-p) >> 100.000ms g : << 1602 (p-p) >> 100.000ms
Update 1372 (200msec) 2015/07/21 09:26:29 Update 1413 (200msec) 2015/07/21 09:27:10

IS (A) IS THD (%) IDLB (A)
ISA | ISB ISC
0,
Test# | DLB | ISA | ISB ISC | %Imb| >0 | )5 | Thp | 'DLBA | IDLBB | IDLBC
G OFF | 37 | 931 | 976 | 978 | 574 | 109 1.5 X X X
ON | 576 | 612 | 541 | 7.7 5.0 5.7 39 | 510 | 510 | 57.0

G‘
(L) QUANTA SD6r Copyright © 2017
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Summary and Conclusions

® Growing introduction of Power Electronics and New Technologies in distribution
systems as advanced mitigation solutions require in-depth testing and evaluations

" Traditional methods of testing approaches with the use of load bank and controlled
sources may not be sufficient enough for comprehensive evaluation of technologies
and integrated control/communication functionalities

® Need to incorporate realistic system conditions and transient events
" Flexibility in changing power system parameters and using validated circuit models

" Applying large number of test cases involving contingencies and ability to repeat the tests

® PHIL & CHIL tests have been successfully utilized with superior results to alternative

testing approaches and have been able to avoid high cost of experimenting in the
field
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Thank YOU
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= Contact information:

 Kahveh Atef: katef@semprautilities.com

e Ahmad Momeni: amomeni@quanta-technology.com
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