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Technology Driven System Transformation
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Technical Challenges
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Technical Challenges

 |nertiaLess Interface

* Protection/Control — Plug and Play
* |nteractions of Controls

o Safety

 Load/Generation Control

Potential Benefits

o “Active” Load

« Combine Cycle Plants

 Premium Power Quality / Reliabllity
 Voltage Control



Partial Response to the Challenge:
High Fidelity Analytical Tools

High Fidelity Models of Distribution System that May
Contain 3-Wire, 4-Wire and 5-Wire Circults.

High Fidelity Models of Electronic Interface.
Realistic Monitoring-Control-Protection Models.

Applications:
Voltage Support at PCC,
Generation-Load-Frequency Control,
Controller Interaction,
Stability,
Protection



Partial Response to the Challenge:
High Fidelity Analytical Tools

Advantage: Avoid High Cost of Prototyping

« High Fidelity Models of Distribution System that May
Contain 3-Wire, 4-Wire and 5-Wire Circuits.

« High Fidelity Models of Electronic Interface.
e Realistic Monitoring-Control-Protection Models.
« Applications: Voltage Support at PCC, Generation-

Load-Frequency Control, Controller Interaction,
Stability, Protection



Physically Based Approach:

A Promising Road to High Fidelity Simulation Tools

Component Modeling in Direct Phase Quantities
without any approximating assumptions,

Use of the Composite Node Concept. A
composite node may consist of any number of
nodes, for example: phase A, phase B, phase C,
Neutral and Ground,

Use of Quadratized Component Models i.e. Each
Model Is Expressed in Terms of Equations of
Order No Higher Than 2.



PBA: Distributed Energy Resources
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Physically Based Models

Example: Three Phase Power Line

Physically Based Model Sequence Parameter Model
- 35 | Transmission Line Sequence Networks \
A1l Positive Sequence Network All Values in Ohms
A # 3.495 + | 5.004
Ble [ «C1l O—|7- | o)
o N1 0.582 - j 121921.3 ! ! 0.582 - j 121921.3
O O
Negative Sequence Network
3.495 + j 5.004
38.4 feet 0.582 - j 121921.3! ! 0.582 -j 121921.3
O. O
Zero Sequence Network
5.688 +j 11.231
0.948 - j 295626.5! I 0.948 - j 295626.5
(o] T O
' Program WinIGS - Form OHL_REP2

S. POLE DISTRIB. LINE (TRIANGLE)/ 12 KV




Physically Based Models

Example: Metallic Conduit Enclosed Power Circuit

| — o] x|
Copy | Print  Help
Parallel Steel Conduit Enclosed Circuits Accept |
| Parallel Steel Conduit: BUS480 to BUS480C Cancel |
| 2.00 inches
&~ EMT Copy Copy
C IMC Remove Remove
. GRC RNl
~ TROUGH I i °|f2 | ! * |°f5 |
Tmp (C) | 25.0 Type | COPPER
Size |  2INCH(53) Size | 310
Circuit | CKT1 Circuit | CKT1

L ]

BUS480_A
BUS480_B
BUS480_C

! o BUS480B_C (CKT

BUS480_N H BUS480B_N (CKT
PLC1_A © (’ ;) *) o PLC2_A (CKT2)
PLC1B o o PLC2_B (CKT2)
PLC1_N H PLC2_N (CKT2)

L=}

=]

Jf ;]‘ ‘] + BUS480B_A (CKT

o BUS480B_B (CKT'

X & Y Coordinates (feet)
| 0.2026 | 1.0333 |

X & Y Coordinates (feet)
0.1580 | 0.9932

Node Name (Side 1)
| BUS480_N |

Node Name {Side 1)
BUS480_A

Node Name {Side 2)
| BUS480B_N |

Node Name (Side 2)
BUS480B_A

Circuit Number | 1
Circuit Length (feet) | 100.0
Soil Resistivity {ohm-meters) | 180.0

Redraw | Autoassign Circuits |




PBA: Unified Quadratized Models
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PBA: Unified Quadratized Models

Component Model edlag(v(t) V(O)F 12 Et;uu
é
é(u_eéa, aptev(tiu é e()uu éb,(t- h)u
€00 &, a, Byl ed'ag(v(t) YO " &t -
é u
; i
e u
Connectivity ediag (<(t)B,()X(D)
Constraints Ax(t) + Sliag(x(®)B,())x() 1+ b(t - ) =0
8 : s

Simultaneous Solution Newton’s
Time Interval (t-h,t) Method




Interface Converters - Proposed Approach
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Valve State Equations
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Valve Connectivity Table

<

Vave Pointer Entries
Key =0 +® G Index
R, = A 0 6,3, 12,13, 14

< 1 0, 6, 15, 16, 17

11 5,11, 45, 46, 47

Blue number — state index within valve

Red number — state index of converter



Clamping Diode Model
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Smoothing Capacitor Model

a(t) a,(hu_eC - Cud év,(Hu
| (] & C  C {dt &, ()
b(t) A Capacitor Pointer
¢ @ | ndex Entries
V>
0 0 3,4
Capacitor Model 1 4,5




Converter State-Space Model

Application of connectivity constraints to the
valve, diode and capacitor models yields
the overall converter state space model.

a()a_eMy My uev(t)a, eNll le ud év(t)u_ esl (t)d
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Converter Algebraic Companion Form

Application of trapezoidal integration yields the
Algebraic Companion Form:

é(t)ﬂ éY11 Y, Uév(t)l\;l_FéPn P ueV(t h)U é (t h)U+2>§S1(t)l:J
e O Ll eY21 Y22 ueY(t)H gP21 22u y(t' h)H e 0 H ész (t)H



Multi-Rate Simulation

Current
through
yristor

Switching
time

S —

h: fixed simulation time step

Switching can occur
between two fixed time
steps. Using fixed time
step will generate
erroneous results;

Our solution:

Detect upcoming
switching in next time
step;

Apply sub-step
Integration for [t-h,t]
period.



Controls: Power Flow, Voltage Regulation,

Harmonic Elimination, Unbalance Control, etc.

Example: Harmonic Elimination / Mitigation

Th ] |C To Eliminate 5" and 7t Harmonic
ree-Level Converter Set a5=a7=0.0

Harmonics - ldeal
Solution for m = 0.7:

One Cycle Mormalized Phase A to MNetural Voltage Waveform
15 T T T

a = E><(sina1 - sina, +sina,)

p 1
%:%%QnSal- sn5a, +sn5a,) H

Maormalized Van

% :%X(Sinhl- sn7a,+sin7a,) J . % {

-1

l I l - 5 1 1 1 1 1 1
4 E -150 -100 -50 0 50 100 150

Walve Switching Angle in degree

P a,=52°, a,=217°, a,=7821.




Applications

« Simulation of Potential Designs and Controls
Schemes

* Virtual Prototyping

* Protection Schemes

« Small Signal Stability Analysis
o Safety Analysis

e Other



NGRD Network Modeling Capability
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NGRD Application Example : Negative Sequence Control

| Close || Device Terminal Multimeter |
| Case: | Microgrid Example System
| Device: | Fuel Cell Driven PWM Converter S I t - - t h
Total Power Voltage—[ ® L-G O Phase Quantities O u I O n W I
Per Phase Power Current O L-L @ Symmetric Comp .
Voltages P -95.00 kW F I ‘ I I
-5, . Q -223.6 Var
| FUEL-CELL_ A —@V1 S =95.00 kVA, PF = -100.00 % u e e I n
| —OEL CELL_B | Py V1 P1-34.38 kW, Q1 -959.4 Var .
- B = P2 -29.30 kW, Q2 -2.088 kVar N t S
P3-31.31 kW, Q3 2.824 kVar
| FUEL-CELL C [—@V3 | V1=278.0V, 59.19 Deg e g a I V e e q -
| V2 =927.3mV, -54.02 Deg
| FUEL-CELL N |=-@ Ref Si; V0 =3.773V, -76.82 Deg
Currents 12A70 I1=113.9 A, -121.0 Deg O n r O
12 =12.07 A, -144.0 Deg
| FUEL-CELL A H@ 11 10 = 0.095 pA, 48.89 Deg
| FUEL-CELL B [-@ I2 P
| FUEL-CELL C @ I3
| Close || Device Terminal Multimeter
Program mGRD - Form GEN_MULTIMETER
| case: || Microgrid Example System
| Device: | Fuel Cell Driven PWM Converter
Total Power Voltage—[ ® LG O Phase Quantities
Per Phase Power Current O LiL ® Symmetric Comp
. . Voltages P -86.90 KW, Q 13.02 kVar
SO I u t 10N WI t h [ FUEL-CELL A —@ V1 S=87.87 VA, PF = -98.90 %
Vi P1-36.85 kW, Q1 3.852 kVar
. [ FUEL-CELL B —@ V2 P2 -24.46 kW, Q2 -2.373 kVar
I P3 -25.60 kW, Q3 11.54 kVar
F u el Cel I I n PV | FUEL-CELL C —@V3 53 V1=277.1V, 59.18 Deg
. I 81 V2 =34.49 nV, -120.8 Deg
I FUEL-CELL_N =@ Ref S2 V0 = 3.779 V, -77.42 Deg
M O d e Currents | 0 11=105.7 A, -112.3 Deg
12=30.03 A, -126.3 Deg
| FUEL-CELL A —@ 11 10=0.101 pA, 179.0 Deg
| FUEL-CELL B —@ 12
| FUEL-CELL C +@ 13 '

(Sequence Component Reports)

Program mGRD - Form GEN_MULTIMETER




NGRD Application Example : Negative Sequence Control

Close | Device Terminal Multimeter \

| case: | Microgrid Example System

| Device: | Fuel Cell Driven PWM Converter f ;O I u t i O n W i t h
Total Power Voltage—[G L-G @ Phase Quantities
Per Phase Power Current O LL O Symmetric Comp

Voltages P -95.00 KW, Q -223.6 Var Fu el Cel I I n

| FUEL-CELL A +@Wi S =95.00 kVA, PF = -100.00 %
12 V1 P1-34.38 KW, Q1 -959.4 Var

FUEL-CELL B |~ ) . |
s e S Negative Seq.

| FUEL-CELL C l__. V3 V1=275.0V, 58.47 Deg

B V2=281.1V, -60.87 Deg
| FUEL-CELL N @ Ref 13 Voo o181 1800 D C O n t r O I

Currents 11=125.1A,-123.1 Deg
12=104.5A, 115.1 Deg
| FUEL-CELL_A l". 11 I3=113.1 A, 5.120 Deg
| FUEL-CELL B H@ 12 1 V2
FUEL-CELL C = 13 - - -
| C e | Close || Device Terminal Multimeter
Program mGRD - Form GEN_MULTIMETER | Case: | Microgrid Example System
| Device: | Fuel Cell Driven PWM Converter
Total Power Voltage—[ ® LG @ Phase Quantities
Per Phase Power Current O LiL O  Symmetric Comp
. . Voltages P -86.90 KW, Q 13.02 kVar
Solution with [ FUELCELLA_~@ Vi
V1 P1-36.85 KW, Q1 3.852 kVar
. [ FUEL-CELL B —@ V2 12 P2 -24.46 kW, Q2 -2.373 kVar
I P3 -25.60 kW, Q3 11.54 kVar
F u eI Cel I I n PV | FUEL-CELL C —@V3 53 13 V1= 274.4V, 58.64 Deg
L V2 =280.8 V, -61.04 Deg
I FUEL-CELL_N =@ Ref 9% > V3 =1276.3V, 179.9 Deg
M O d e Currents 11=135.0A, -115.4 Deg
12=87.52 A, 113.4 Deg
| FUEL-CELL A @ i1 13=101.6 A, 24.21 Deg
| FUEL-CELL B =@ I2
11 V2
| FUEL-CELL C +@ 13

(ACtuaI Values ReportS) Program mGRD - Form GEN_MULTIMETER




Small Signal Stability Analysis

Motivation
« PEBB Based Systems Present Unique Stabillity
Problems.

 Complex Interaction Among Switching Systems
and Electro-Mechanical Systems

e Traditional Methods for Stability Analysis Have
Limitations



Small Signal Stability Analysis

Proposed Method

 Numerical Computations of the System Transition
Matrix Over a User Specified Time Interval.

» Applicable to Switching Systems with Linear &
Nonlinear Components



Small Signal Stability Analysis

1 cycle — Present Time

Construct State Eigenvalue
Transition Matrix Analysis




Small Signal Stability Analysis

é(t)l‘): A X(t) + B,x(t- h)+C_u

€n U
0y
\ nodal voltages internal states
(external states) of all devices

system nodel

nodal

equations
node rf

internal
equations

of all
devices

0= Ax(t) + Bx(t - h)+Cu

Important Issue:
Modeling of Feedback Control X(t) = - ABx(t - h)- A"Cu



Small Signal Stability Analysis Example

SCV+#1 On, SCV#2 Off

SVC2 A Ji— \
08f ,/f’ \\\
T1 06} /// \\
T4 | Bus 8 13.8 kV L/ \
G1 12 kV D:Y _ Bus6 . 4 JEEES
| | 230 kV Line 2 o2r . '
O—F3¢ % Hoe e
| - 55 miles Y:D — 02} | +
Bus1l Bus?2 l/ T~ Imgipy Part #ah /
C TCR el \\\ /
Load 2 o8} L ’",./
. . at N
Line 1 Line 4 7777 1 05 0 05 1
70 miles 50 miles Real Part
T2 SCV#1 On, SCV#2 On
G2 12 kV D:Y _ Bus 5 T3 |Bus? 13.8 kV
O | >¢ |° Line 3 [ >¢ i —
| AN | 45 miles RAS osh /,f"" ™
BUS 3 BUS 4 YD 7’_\—\ 06} /.f/ \\
C TCR sl [ T kT
Load 1 02 : 1;; .
0.2} ‘ + * *;L ’
7777 Imaginay F’%{j 1 *ji++ '//"
N L N
svci SRS /
08} ANy e
at N
1 0.5 0 05 1
Real Part
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