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Technical Challenges

Inertia-Less Interface – Ride Through
Limited Fault Currents - Protection
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Technical Challenges

• InertiaLess Interface
• Protection/Control – Plug and Play
• Interactions of Controls
• Safety
• Load/Generation Control

Potential Benefits

• “Active” Load
• Combine Cycle Plants
• Premium Power Quality / Reliability
• Voltage Control 
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Partial Response to the Challenge:
High Fidelity Analytical Tools

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

n High Fidelity Models of Electronic Interface.

n Realistic Monitoring-Control-Protection Models.

n Applications: 
– Voltage Support at PCC, 

– Generation-Load-Frequency Control,

– Controller Interaction,

– Stability,

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

• High Fidelity Models of Electronic Interface.

• Realistic Monitoring-Control-Protection Models.

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

Advantage: Avoid High Cost of Prototyping

Partial Response to the Challenge:
High Fidelity Analytical Tools
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Physically Based Approach: 

A Promising Road to High Fidelity Simulation Tools

n Component Modeling in Direct Phase Quantities
without any approximating assumptions,

n 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,

n Use of Quadratized Component Models i.e. Each 
Model Is Expressed in Terms of Equations of 
Order No Higher Than 2.
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PBA: Distributed Energy Resources

SOURCE BUS115KV

HIGHBUSA BUSA

MOTOR1

SPEED1

RISERA

HIGHBUSB

BUSB

BUSC

DCBUS1

MICRO1

MOTOR3

SPEED3

DCBUS3

MICRO3

RISERB

BUS13KV

MOTOR2 SPEED2

FUELCELL

DCBUSB

G

1 2

IM

1 2

1 2

115 kV

MT

IM

MT

1
2

IM

F

13.8 kV

480 V

480 V

208 V

MicroTurbine

MicroTurbine

Fuel Cell

480 V Motor
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Physically Based Models 
Example: Three Phase Power Line

A1
B1 C1

N1

38.4 feet

3.5'

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

A1
B1 C1

N1

38.4 feet

3.5'

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

Transmission Line Sequence Networks  Close 

3.495 + j 5.004

0.582 - j 121921.3 0.582 - j 121921.3

Positive Sequence Network

Negative Sequence Network

Zero Sequence Network

3.495 + j 5.004

0.582 - j 121921.3

5.688 + j 11.231

0.948 - j 295626.5

0.582 - j 121921.3

0.948 - j 295626.5

All Values in Ohms

Program WinIGS - Form OHL_REP2

Transmission Line Sequence Networks  Close 

3.495 + j 5.004

0.582 - j 121921.3 0.582 - j 121921.3

Positive Sequence Network

Negative Sequence Network

Zero Sequence Network

3.495 + j 5.004

0.582 - j 121921.3

5.688 + j 11.231

0.948 - j 295626.5

0.582 - j 121921.3

0.948 - j 295626.5

All Values in Ohms

Program WinIGS - Form OHL_REP2

Physically Based Model Sequence Parameter Model
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Physically Based Models
Example: Metallic Conduit Enclosed Power Circuit
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PBA: Unified Quadratized Models
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PBA: Unified Quadratized Models
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Power
System Power Section

Control Section

Monitoring and Estimation
Section

Control Command

Reference

Load

Power
Input

Power
Output

Interface Converters - Proposed Approach

MagZX Pwr

DSP
MagZX Pwr

2

Monitor/Estimator

Power Section/Controller

MagZX Pwr

DSP
MagZX Pwr

Power Section/Controller

Monitor/Estimator

IM

BUS13KV DCBUS

ZXR MAGR PWRR

MOTORBUS

ZXI MAGI PWRI

ANGSPEED

Protection Should 
Be Incorporated in 
the Control Section

Protection Should 
Be Incorporated in 
the Control Section
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5, 11, 45, 46, 4711
…

0, 6, 15, 16, 171
6, 3, 12, 13, 140
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3

Blue number – state index within valve

Red number – state index of converter

Valve Connectivity Table
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4, 51

3, 40

Pointer
Entries

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









+
















+
















=








)(
)(

)(
)(

)(
)(

0
)(

2

1

2221

1211

2221

1211

ts
ts

ty
tv

dt
d

NN
NN

ty
tv

MM
MMti

Converter State-Space Model



20

Application of trapezoidal integration yields the 
Algebraic Companion Form:
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h h h h

Current 
through 
thyristor

Switching 
time

h: fixed simulation time step

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

n Our solution:
– Detect upcoming 

switching in next time 
step;

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

Multi-Rate Simulation
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To Eliminate 5th and 7th Harmonic 
Set a5=a7=0.0

Solution for m = 0.7: 

π
E

a
m 4

1=

( )

( )

( )3217

3215

3211

7sin7sin7sin
7
4

5sin5sin5sin
5
4

sinsinsin4

ααα
π

ααα
π

ααα
π

+−⋅=

+−⋅=

+−⋅=

Ea

E
a

Ea

Three-Level Converter 
Harmonics - Ideal

.1.78,7.21,2.5 0
3

0
2

0
1 === ααα

Example: Harmonic Elimination / Mitigation

Controls: Power Flow, Voltage Regulation,
Harmonic Elimination, Unbalance Control, etc.
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Applications

• Simulation of Potential Designs and Controls  
Schemes

• Virtual Prototyping

• Protection Schemes

• Small Signal Stability Analysis

• Safety Analysis

• Other
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G

1 2

IM
115 kV

1
2

13.8 kV

480 V

480 V

MicroTurbine

MicroTurbine

Fuel Cell

480 V Motor

IM

MT

MT

I M

480 V Motor1 2

1 2

480 V

480 V

1Ph

Distribution Substation

1Ph

SOURCE

BUS115KV

HIGHBUSA BUSA

MICROT1 MOTOR1

SPEED1

HIGHBUSB BUSB

DER1

BUS13KV

BUSC MOTOR3

MOTOR2

FUEL-CELL

• Power Lines
• Transformers
• Microturbines
• PWM Converter
• Induction Motors
• Grid Source

• Power Lines
• Transformers
• Microturbines
• PWM Converter
• Induction Motors
• Grid Source

µGRD Network Modeling Capability
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 Close 

Microgrid Example System

P -95.00 kW, Q -223.6 Var
S = 95.00 kVA, PF = -100.00 %

S

P1 -34.38 kW, Q1 -959.4 Var
P2 -29.30 kW, Q2 -2.088 kVar
P3 -31.31 kW, Q3 2.824 kVar

S1S2
S3

V1 = 278.0 V, 59.19 Deg
V2 = 927.3 mV, -54.02 Deg
V0 = 3.773 V, -76.82 Deg

V1

V0 I1 = 113.9 A, -121.0 Deg
I2 = 12.07 A, -144.0 Deg
I0 = 0.095 pA, 48.89 Deg

I1

I2

I0

Fuel Cell Driven PWM Converter

Case:

Device:

FUEL-CELL_A V1

FUEL-CELL_B V2

FUEL-CELL_C V3

FUEL-CELL_A I1

FUEL-CELL_B I2

FUEL-CELL_C

Voltages

Currents

 Total Power  Voltage 

 Current  Per Phase Power 

I3

 Phase Quantities 

 Symmetric Comp 

FUEL-CELL_N Ref

Device Terminal Multimeter

 L-G 

 L-L 

Program mGRD - Form GEN_MULTIMETER

 Close 

Microgrid Example System

P -95.00 kW, Q -223.6 Var
S = 95.00 kVA, PF = -100.00 %

S

P1 -34.38 kW, Q1 -959.4 Var
P2 -29.30 kW, Q2 -2.088 kVar
P3 -31.31 kW, Q3 2.824 kVar

S1S2
S3

V1 = 278.0 V, 59.19 Deg
V2 = 927.3 mV, -54.02 Deg
V0 = 3.773 V, -76.82 Deg

V1

V0 I1 = 113.9 A, -121.0 Deg
I2 = 12.07 A, -144.0 Deg
I0 = 0.095 pA, 48.89 Deg

I1

I2

I0

Fuel Cell Driven PWM Converter

Case:

Device:

FUEL-CELL_A V1

FUEL-CELL_B V2

FUEL-CELL_C V3

FUEL-CELL_A I1

FUEL-CELL_B I2

FUEL-CELL_C

Voltages

Currents

 Total Power  Voltage 

 Current  Per Phase Power 

I3

 Phase Quantities 

 Symmetric Comp 

FUEL-CELL_N Ref

Device Terminal Multimeter

 L-G 

 L-L 

Program mGRD - Form GEN_MULTIMETER  Close 

Microgrid Example System

P -86.90 kW, Q 13.02 kVar
S = 87.87 kVA, PF = -98.90 %

S

P1 -36.85 kW, Q1 3.852 kVar
P2 -24.46 kW, Q2 -2.373 kVar
P3 -25.60 kW, Q3 11.54 kVar

S1
S2

S3 V1 = 277.1 V, 59.18 Deg
V2 = 34.49 nV, -120.8 Deg
V0 = 3.779 V, -77.42 Deg

V1

V2
V0 I1 = 105.7 A, -112.3 Deg

I2 = 30.03 A, -126.3 Deg
I0 = 0.101 pA, 179.0 Deg

I1

I2

I0

Fuel Cell Driven PWM Converter

Case:

Device:

FUEL-CELL_A V1

FUEL-CELL_B V2

FUEL-CELL_C V3

FUEL-CELL_A I1

FUEL-CELL_B I2

FUEL-CELL_C

Voltages

Currents

 Total Power  Voltage 

 Current  Per Phase Power 

I3

 Phase Quantities 

 Symmetric Comp 

FUEL-CELL_N Ref

Device Terminal Multimeter

 L-G 

 L-L 

Program mGRD - Form GEN_MULTIMETER

 Close 

Microgrid Example System

P -86.90 kW, Q 13.02 kVar
S = 87.87 kVA, PF = -98.90 %

S

P1 -36.85 kW, Q1 3.852 kVar
P2 -24.46 kW, Q2 -2.373 kVar
P3 -25.60 kW, Q3 11.54 kVar

S1
S2

S3 V1 = 277.1 V, 59.18 Deg
V2 = 34.49 nV, -120.8 Deg
V0 = 3.779 V, -77.42 Deg

V1

V2
V0 I1 = 105.7 A, -112.3 Deg

I2 = 30.03 A, -126.3 Deg
I0 = 0.101 pA, 179.0 Deg

I1

I2

I0

Fuel Cell Driven PWM Converter

Case:

Device:

FUEL-CELL_A V1

FUEL-CELL_B V2

FUEL-CELL_C V3

FUEL-CELL_A I1

FUEL-CELL_B I2

FUEL-CELL_C

Voltages

Currents

 Total Power  Voltage 

 Current  Per Phase Power 

I3

 Phase Quantities 

 Symmetric Comp 

FUEL-CELL_N Ref

Device Terminal Multimeter

 L-G 

 L-L 

Program mGRD - Form GEN_MULTIMETER

Solution with 
Fuel Cell in PV 
Mode

(Sequence Component Reports)

Solution with 
Fuel Cell in 

Negative Seq. 
Control

µGRD Application Example : Negative Sequence Control
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 Close 

Microgrid Example System

P -95.00 kW, Q -223.6 Var
S = 95.00 kVA, PF = -100.00 %

S

P1 -34.38 kW, Q1 -959.4 Var
P2 -29.30 kW, Q2 -2.088 kVar
P3 -31.31 kW, Q3 2.824 kVar

S1S2
S3

V1 = 275.0 V, 58.47 Deg
V2 = 281.1 V, -60.87 Deg
V3 = 278.1 V, 180.0 Deg

V1

V2

V3
I1 = 125.1 A, -123.1 Deg
I2 = 104.5 A, 115.1 Deg
I3 = 113.1 A, 5.120 Deg

I1

I2

I3

Fuel Cell Driven PWM Converter

Case:

Device:

FUEL-CELL_A V1

FUEL-CELL_B V2

FUEL-CELL_C V3

FUEL-CELL_A I1

FUEL-CELL_B I2

FUEL-CELL_C

Voltages

Currents

 Total Power  Voltage 

 Current  Per Phase Power 

I3

 Phase Quantities 

 Symmetric Comp 

FUEL-CELL_N Ref

Device Terminal Multimeter

 L-G 

 L-L 

Program mGRD - Form GEN_MULTIMETER

 Close 

Microgrid Example System

P -95.00 kW, Q -223.6 Var
S = 95.00 kVA, PF = -100.00 %

S

P1 -34.38 kW, Q1 -959.4 Var
P2 -29.30 kW, Q2 -2.088 kVar
P3 -31.31 kW, Q3 2.824 kVar

S1S2
S3

V1 = 275.0 V, 58.47 Deg
V2 = 281.1 V, -60.87 Deg
V3 = 278.1 V, 180.0 Deg

V1

V2

V3
I1 = 125.1 A, -123.1 Deg
I2 = 104.5 A, 115.1 Deg
I3 = 113.1 A, 5.120 Deg

I1

I2

I3

Fuel Cell Driven PWM Converter

Case:

Device:

FUEL-CELL_A V1

FUEL-CELL_B V2

FUEL-CELL_C V3

FUEL-CELL_A I1

FUEL-CELL_B I2

FUEL-CELL_C

Voltages

Currents

 Total Power  Voltage 

 Current  Per Phase Power 

I3

 Phase Quantities 

 Symmetric Comp 

FUEL-CELL_N Ref

Device Terminal Multimeter

 L-G 

 L-L 

Program mGRD - Form GEN_MULTIMETER

Solution with 
Fuel Cell in PV 
Mode

Solution with 
Fuel Cell in 

Negative Seq. 
Control

(Actual Values Reports)

 Close 

Microgrid Example System

P -86.90 kW, Q 13.02 kVar
S = 87.87 kVA, PF = -98.90 %

S

P1 -36.85 kW, Q1 3.852 kVar
P2 -24.46 kW, Q2 -2.373 kVar
P3 -25.60 kW, Q3 11.54 kVar

S1
S2

S3 V1 = 274.4 V, 58.64 Deg
V2 = 280.8 V, -61.04 Deg
V3 = 276.3 V, 179.9 Deg

V1

V2

V3
I1 = 135.0 A, -115.4 Deg
I2 = 87.52 A, 113.4 Deg
I3 = 101.6 A, 24.21 Deg

I1

I2

I3

Fuel Cell Driven PWM Converter

Case:

Device:

FUEL-CELL_A V1

FUEL-CELL_B V2

FUEL-CELL_C V3

FUEL-CELL_A I1

FUEL-CELL_B I2

FUEL-CELL_C

Voltages

Currents

 Total Power  Voltage 

 Current  Per Phase Power 

I3

 Phase Quantities 

 Symmetric Comp 

FUEL-CELL_N Ref

Device Terminal Multimeter

 L-G 

 L-L 

Program mGRD - Form GEN_MULTIMETER

 Close 

Microgrid Example System

P -86.90 kW, Q 13.02 kVar
S = 87.87 kVA, PF = -98.90 %

S

P1 -36.85 kW, Q1 3.852 kVar
P2 -24.46 kW, Q2 -2.373 kVar
P3 -25.60 kW, Q3 11.54 kVar

S1
S2

S3 V1 = 274.4 V, 58.64 Deg
V2 = 280.8 V, -61.04 Deg
V3 = 276.3 V, 179.9 Deg

V1

V2

V3
I1 = 135.0 A, -115.4 Deg
I2 = 87.52 A, 113.4 Deg
I3 = 101.6 A, 24.21 Deg

I1

I2

I3

Fuel Cell Driven PWM Converter

Case:

Device:

FUEL-CELL_A V1

FUEL-CELL_B V2

FUEL-CELL_C V3

FUEL-CELL_A I1

FUEL-CELL_B I2

FUEL-CELL_C

Voltages

Currents

 Total Power  Voltage 

 Current  Per Phase Power 

I3

 Phase Quantities 

 Symmetric Comp 

FUEL-CELL_N Ref

Device Terminal Multimeter

 L-G 

 L-L 

Program mGRD - Form GEN_MULTIMETER

µGRD Application Example : Negative Sequence Control
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Motivation

• PEBB Based Systems Present Unique Stability
Problems.

• Complex Interaction Among Switching Systems
and Electro-Mechanical Systems

• Traditional Methods for Stability Analysis Have
Limitations

Small Signal Stability Analysis
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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
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1 cycle

Construct State
Transition Matrix

Eigenvalue
Analysis

Re

Im

Animation

Present Time

Time Domain Simulation

Small Signal Stability Analysis
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Small Signal Stability Analysis

node1

node n

...

system
nodal
equations

internal
equations
of all
devices

internal states
of all devices

nodal voltages
(external states)

uChtxBtxA
ti

cdd +−+=







)()(

0
)(

CuhtBxtAx +−+= )()(0

CuAhtBxAtx ++ −−−= )()(
Important Issue:
Modeling of Feedback Control
Important Issue:
Modeling of Feedback Control



31

T1
G 1

Line 2

Bus 1 Bus 2

Bus 6

T2
G 2

Line 3

Bus 3 Bus 4

Bus 5

Line 1 Line 4

T4 Bus 8

C TCR

Load 1

Load 2

12 kV
230 kV

12 kV

13.8 kV

∆ :Y

SVC2

Y:∆

∆ :Y

T3 Bus 7

C TCR

13.8 kV

SVC1

Y:∆

55 miles

70 miles

45 miles

50 miles

Small Signal Stability Analysis Example

-1 -0.5 0 0.5 1

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Real Part

Imaginary Part

-1 -0.5 0 0.5 1

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Real Part

Imaginary Part

SCV#1 On, SCV#2 OffSCV#1 On, SCV#2 Off

SCV#1 On, SCV#2 OnSCV#1 On, SCV#2 On
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ΤελοςΤελος

Summary

Physically Based Approach for 
Modeling and Analysis Provides 
Powerful Tools for Simulation, Control, 
Protection and Stability Analysis

Summary

Physically Based Approach for 
Modeling and Analysis Provides 
Powerful Tools for Simulation, Control, 
Protection and Stability Analysis
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