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Introduction
* Significant changes in power systems

« Rapid development of * Distributed generation (PV,
renewable generation Wind)
 Shutdown of coal power * More dynamic loads (Air
plants conditioners, VFD motors)
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Two main challenges in power system dynamic simulation

1. Modeling and representation of an increasing number of
power electronic devices in dynamic simulation

 Quasi-steady-state model or performance model in TS simulators

 Fast switching and control cannot be adequately represented

Electromagnetic |

Simulation : ” Transient stability
transient
Three-phase, Positive-sequence,
Modeling .
point-on-wave phasor
Power electronics Electromechanical
Phenomena switching transient stability
107 103 10-1 10! 103

Time (5)



Two main challenges in power system dynamic simulation

2. Representation of distribution systems in power system
dynamic simulation

Various load models: ZIP, motor + ZIP, CMPLDW 1) computational
limitation; 2) availability of distribution system data

Developments of distributed generation, EV and storage significantly
change the behavior of distribution systems

« Past: the voltage profile gradient along the feeder was small

* Now the locations matter: A/C stalling, local volt/VAr support of DGs

* Load modeling = distribution system modeling

Integrated transmission and distribution (T&D) systems

« EPRI proposed “the integrated grid” framework—for fully realizing the values of
distributed and central generation resources

* To analyze the increased interactions between T&D and to take advantage of them



Two main challenges in power system dynamic simulation

2. Representation of distribution systems in power
system dynamic simulation

Detailed 3-phase
Three-sequence, phasor representation down to
models primary feeder level
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Development of Hybrid Simulation

U.S. electricity balancing authorities in the W ctricity Coordinating

e Sequence,
phasor model
* TS simulator

e Three-phase,

POW model
« EMT simulator

Remainder of the system
~15000 buses
- External system
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OpenHybridSim: A new EMT-TS hybrid simulation tool

= A decoupled architecture

» Three-sequence TS simulation developed based on InterPSS

= Network equivalents:
 Three-phase Thévenin equivalent of the external system in EMT simulation

« Three-sequence current source 1,13,2‘}}(0 as the equivalent of the detailed system in

three-sequence TS simulation
= TCPI/IP socket communication for connecting two simulators

= A generic interface framework for integrating with different EMT
simulators, e.g., PSCAD, ATP-EMTP /"
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Equivalent of the external system in EMT simulation:
Three-phase Thévenin equivalent
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Equivalent of the detailed system in TS simulation: three-
sequence current source

* Three-sequence current source

* Seamlessly integrated into the network solution step of the

three-sequence TS simulation

* Obtained from boundary current injection waveforms
using FFT and 3-phase to 3-sequence transformation

I,-120 Boundary bus i

External system
modeled in three-
sequence

Ik120
@ Boundary bus k&

The detailed system is represented by three-
sequence current sources in TS simulation
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Three-sequence TS simulation

Positive-sequence based state
148, integration and network solution (1)
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Interaction protocol
e Interactions between the two simulators
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Implementation of the Two Interaction Protocols
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The fault-induced delayed voltage recovery problem

* What is FIDVR problem? T
A 230 kV bus voltage profile =
during a typical FIDVR event [1] K-
25
a
o)
I
S
* Root cause: 25 Time

Stalling and prolonged tripping of 1-¢ residential air conditioner (A/C)
compressor motor

* Direct impact of distribution on transmission system

[1] D. N. Kosterev, A. Meklin, J. Undrill, B. Lesieutre, et al., "Load modeling in power system studies: WECC progress
update," in 2008 IEEE Power and Energy Society General Meeting, 2008, pp. 1-8.



The FIDVR Problem

* FIDVR has mainly been studied using CMPLDW and positive-sequence TS
simulation programs

 Limitations of the CMPLDW model

» Limited representation of distribution systems and DGs
» Performance-based 1- ¢ A/C compressor motor model
» Point-on-wave (POW) effects cannot be considered

» Not suitable for cases involving unbalanced conditions

* The issues above can be overcome by hybrid simulation

System Bus
(230, 115, 69KV)

UVLS

UFLS

Low-side

1:T

I

Bus

Load Bus

Feeder

Equiv.
Rrdr +jXfdr Pnet
—

—
FoBrar  Qnet

(1-Fb)der|

EOOG

Motor A

Motor B

Motor C

Motor D

Electronic

Static

CMPLDW Model Structure

Zero Crossing
Peak

The point—on—wav-e&‘ejl%fgc;[f; on A/C stal

15

ling



Application of EMT-TS hybrid simulation to FIDVR study on the

WECC system
The WECC system

Buses with a large percentage of

Transmission 1-® A/C load
Buses lines Generators Loads 24151
* Bus 5
15750 13715 3074 7787
e Bus 24138

Summary of the detailed system

Total number
of buses

Number of
buses of
different

voltage levels

s:s!s:s S so0kv
Sub-system below 500 kV Total Load

Interface
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One-line diagram of the study region




Set up of the detailed system

415 +*75 MV A

0.2536 pu
560 MV A
331615120 kY

415 +H*75 MVA

A

Bus 24151 500 kV

403 =496 MVA

403 +j*06 MYV A

A

0,2536,/0.40/0.512 pu

= 02536pu 0.2536 pu @ - @) = _
560 MVA 560 MVA ,i_\ < 560 MV A
T S3L615/120 kV 531615120 kV = /|=\

Bus 24160 115 kV

Bus 24229 115 kV

22 +j*1.1 i 0.12 pu
WMV A T e 012 pu
! = 250 MY A ":-:] "ﬂ "::l <] 230 MV A <] {:l {] {:]
Rus 25423 46.8 MVAL 11571247V & &\ & /£ 115 /1247 KV /J_\ /_L & &
115 kV = = pe = = 1 ik L
/-_ll-‘ Equivalent Feeder f-2 f-3 -4 -5 e -7 8
[j} -1
Equivalent Equivalent Equivalent Equivalent Equivalent Equivalent Equivalent Fquivalent
facder feeder teeder teeder teeder feeder fesecder feeder
Model Miodel Ml el Mindel Mol Ml Miodel Mol
202-1%8 MY A 202-1*8 MV A -8 202-1*8 MV A 20Z-i*8 MVA  202%3 MY A 202-7*8& MY A

202-i*8 MVA

1 A

50% 1-@ A/C motor [2] ZZfeede,,

25% 3-@® induction motor B

25% constant impedance L <

Equivalent feeder model[3] _— l

3-phase

Induction Motor

4
CK? oV (bﬁ

4 feeder

T8 N\
i” I

A
load A/c—>0V OV OV

A ANENNEA A

[2] Y. Liu, V. Vittal, J. Undrill, and J. H. Eto, "Transient Model of Air-Conditioner Compressor Single Phase Induction Motor," [IEEE

Transactions on Power Systems, vol. 28, pp. 4528-4536, 2013.

[3] William H. Kersting, Distribution System Modeling and Analysis (Second Edition), CRC Press, 2006, p.52-54
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Case A: fault POW at voltage zero crossing
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Case A: re
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Case A: phasor voltage magnitudes
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The Point-On-Wave Effects

Case B: POW at the peak of phase A voltage waveform (90 degrees)
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Case B: responses of A/C motors
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Case B: phasor voltage magnitudes
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P1SZLF simulation results using CMPLDW
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Application of hybrid simulation to power systems interfaced
with a LCC-HVDC system

= Test case: IEEE 39 Bus system with a LCC HVDC infeed

* HVDC system

» CIGRE HVDC model e 20 @ 3
» Rated power: 1000 MW Los 96 ng zgl_i
» The inverter is connected to bus 39 2 v v T— 27 38-@-
* EMT simulation [ I T JRART
» The whole system o ZS Ei T—39 Ir i i MI_
time step : 50 pis . coRemvDCMow V| i
. . . Detailed system @
* Hybrid simulation IT 4 14 i 24 736
» The HVDC system is modeled in detail in 5 13 23
PSCAD o~ 6 12 i 19 i
» EMT time step : 50 ps 7 i I_ZO 22
» TS time step: 5 ms 8 v 31 —— 1 10 Laglay  —lss
 Scenario: A SLG fault is applied at v © i © > O ¢

bus 39 at 3.0 s, cleared after 4 cycles



Application of hybrid simulation to power systems
interfaced with a LCC-HVDC system

EMT-TS

Current(kA)

< (AN
E 3.07 308 3.9
é 3.15 2
‘ ‘ ‘ EMT-TS
e/ hbi.0 - PSCAD |-
§ | | | [l
5
I I I I 2 | | | |
505 ; 105 i T 12 2.95 3 305 3.1 3.15 32
Time (s) (b) Time(s)
Three phase current flowing into bus 39 The DC voltage (V,.) and current
. (&
from the HVDC inverter ( i dc) of the HVDC inverter



Current (kA)

Current (kA)

Current (kA) Current (kA)

Current (kA)

Current (kA)

Application of hybrid simulation to power systems
interfaced with a LCC-HVDC system

‘ EMT-TS —— — PSCAD ‘

Sp——— T T T T 7

| | | |
ol LSS AN s pa s o FY Y [T

| | | |

| | | |
5 |
2.95 3 3.05 3.1 3.15 32
5 [ [ [ [

| |

| |

|

| |

| |
_5 L L
2.95 3 3.05 3.1 3.15 32
10 71 A I \ \

| |
NRSSRE i N B

| |
10 | |
2.95 3 3.05 3.1 3.15 32
5 T

—__J

| | b
5 | Commutation
2.95 3 3.05 .
5 failure

|
- | | | |
2.95 3 3.05 3.1 3.15 32
Time (s)

The current flows in the 6-pulse
bridge of the inverter

Real power (pu)

Reactive power (pu)

1.5 \ \ \
J‘ —— — PSCAD
i Mﬂ EMT-TS
i
05
0 I
-0.5 L I I I | | |
3 32 3.4 3.6 3.8 4 42 44 46 48 5
(a) time(s)
2 T T T T T T
1 | 1 | —— — PSCAD
|
sl 0.8 ‘ ‘ A | EMT-TS |
0.6,‘[1 r T
i I
1l 04! T
3.1 3.15 3.2
05 M‘W‘ ”'uvﬂ(ﬂ ﬂ"\v\vﬂ wﬂwmtqulu"u[UA\J’JJ%N‘M‘VII‘VJ‘VHVw\” Hy'\'uf’ﬂ ﬂ}'\ ﬂ1r"ﬂr'M‘ AOAAS B UL UL ARG e dt U UL s s s i
0

3‘ 3‘.2 3‘.4 3‘.6 3‘.8 4‘1 4‘.2 4‘.4 4‘.6 4‘.8 5
(b) time (S)
Power of the generator at bus 30
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Application of hybrid simulation to power systems interfaced
with a LCC-HVDC system

Simulation differences with reference to full-blown EMT simulation

P difference/pu difference/pu

Th i} I
ree phase curre.nt into the network 0.049 0351
at the inverter
Three phase voltages of bus 39 0.022 0.155

Computational times of hybrid simulation and EMT simulation

Simulation method Total computation time*

EMT simulation using PSCAD 352s

EMT-TS hybrid simulation 81s

* 5-second simulation

27



Applied to power systems interfaced with HVDC

» [EEE 39 bus + VSC-HVDC

= VSC-HVDC Bus §
« Two-level, PWM, decoupled o

500 MW

vector control ve/a 5
 Carrier frequency 1s 1980 Hz

* EMT simulation using PSCAD s
* The whole system )

* Time step : 5 us

* Hybrid simulation

* The part encircled by the dashed line
1S modeled in detail in PSCAD 0

* Boundary buses: Buses 26 and 8
 EMT time step : 5 us |

Yy AANAN
A

—
|
1

Inverter

280 MW
-4

L

R CHS—
] +£200kV
C—

Rectifier

5H |

Bus 29

230/345 kV
500 MW

@
AlYg

o

30 $37 I
i L 25h6

3 18

28

|_"IT

— 27

17

oy

16

The remainder
of the IEEE 39
bus system

* TS time step: 5 ms ‘

o

29%L
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Applied to power systems interfaced with HVDC

= Scenario: a single-line-to-
ground(SLG) fault 1s applied on
bus 29 (AC bus of the rectifier)
at 1.0 s and cleared after 0.05 s

= Response of VSC-HVDC
rectifier to the fault:
(a) Real power

(b) Reactive power flowing into

the rectifier
(c) DC voltage
(d) DC current

—_—

Real Power (pu)

EMT-TS | -
— — — PSCAD | |

o o o

cow o o = =
T

\O
W

1 1.05 1.1 1.15

Reactive Power (pu)
o oo
[==T NS R )
T

EMT-TS | 7

JW\/———PSCAD i
1

e
o
W

1 1 1
1.05 1.1 1.15

DC Voltage (pu)

o
o

T T T T
i ” “ V “ V u EMT-TS | |
— — — PSCAD

DC current (pu)

EMT-TS

— — — PSCAD ||

o= o —_ v oG
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Applied to power systems interfaced with HVDC

» Positive sequence El! u |
~ EMT-TS
voltage of bus 25 S o PSCAD
(within the external < 08 || pys 25
system) 0.95 ! 105 (g1 115

Computation times for a 2-second simulation

; : Computation
Simulation method time

EMT using PSCAD 1152 s
Hybrid simulation 164 s
7 times
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Integrated T&D system modeling
* Physically:

 Distribution systems : in general, 3-phase unbalanced
* Transmission system: 3-phase reasonably balanced

* Conditions at boundary between T&D: 1) reasonably balanced under normal operating
conditions; 2) could be significantly unbalanced during and post contingency

* Modeling

" | /
\@ﬁ( T Gl
B . 2y o ~ \N

-
Middleware \Direct Interaction / Coupled Modeling
Source: Jason Fuller, PNNL, 2015 | |
Bus i Transmission Bus k
(3-sequence)
Distribution Distribution

(3-phase) eee (3-phase)
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Integrated T&D power tlow (TDPF)

= Master-slave splitting method
» Iteratively solve power flow for the transmission and the distribution
systems
= Transmission system power flow
* Positive sequence: conventional power flow
* Negative- and zero- sequence: network solution (I=YV)
= Distribution system power flow
* 3-phase power flow: backward/forward sweep algorithm

Transmission
Boundary data exchange Bus i (3-sequence) Bus k
between T&D in TDPF
algorithm LoadPQY
1)
VBiabc | LoadP Qi VBkabc | [l.nj](cz)
Iinj® o
0 linj,
| Iln]l.( ) I
Distribution Distribution

(3-phase) coe (3-phase)




T&D dynamic simulation based on the Multi-Area Thévenin
Equivalent (MATE) approach
 Partitioned dynamic simulation method: used in PSS/E and PSLF
x=f(xV) —> Integration step

| (x, V) =YV —> Network Solution step
* Main challenges lie in the network solution step

* The MATE [4] approach 1s employed in the network solution step

Internal sources

Link Link | S Subsystem i 7(120) 7 (120) N\ glabe) prlabe)
branch branch : network th "1 /Coordination \ “h,3 > h3
.|I_@— Vinsd) Subsystem 1 through the Subsystem 3
Subsystem 2 Subsystem 3 inkt (three-sequence) link (three-phase)
i | I_@_ [(130) subsystcm ](nhc')
Link .1 Link 3
(a) A simple integrated T&D system (b) step 1
________ = (abc) (abc) [( "f’f‘ )
r = _= Zins Vi 2 Link,2
Vi O 7! S
I I . '
1 Z i N Subsystem i —@_{l Subsystem 2
| T | : etk Link (three-phase)
Link brahci — — — — Eink branch Vo branch
ext,i . .
(g 7 ‘ F“rtr_e“t( ) Reconcile the subsystem solution
[ mjcction(s .
V’f’z @ :Q Vins | results at the link subsystem level at
L(e) step2land-3— — i (d) step 4 steps 2 and 3

[4] Marti, José R., Luis R. Linares, Jorge A. Hollman, and Fernando A. Moreira. "OVNI: Integrated software/hardware
solution for real-time simulation of large power systems." In Proceedings of the PSCC, vol. 2. 2002. 33



Three-phase dynamic simulation

* Developed by extending existing three-sequence system
modeling and TS simulation
* Modeling: Inheritance and the adapter design pattern

« Simulation procedure: the same as the positive-sequence TS except for
the three-phase oriented network solution

: | Threesequence
Three-phase modeling . q |
Three-phase| machine model |
4 ) machine | Negat |

tive-

Transmiss- . Generator Induction Power. model | — 2 cgative
ion line Transformer | Static loads enerato machine el:iactl.'omc sequence |
9 ewces/ Adapter level | ‘
yube p120 | L0 |
BC BC BC ABC > ABC> 120 ——#— Integration step |

| | | | | Positive-
120 120 120 120 [:b; | 70 ’ sequence |
) ate current

ABCE120 l— Update curre |
| source |
Transmiss- Induction Power ’ |
ion line Transformer || Static loads | Generator machine el(;egi:g:slc | Zero- |
| >y sequence |
Three-sequence modeling L —— ——— = -

T f on £ h deli Development of three-phase machine dynamic model based
ranstormation from three-sequence modeling on the corresponding three-sequence model using the

to three-phase modeling adapter pattern



Flowchart of the integrated T&D dynamic simulation

Import integrated T&D system data

— : v : Integrated T&D
Partition the integrated system into subsystems
7 — power flow

Solve power flow using the TDPF algorithm

Consider unbalanced
ves | Modeltie correspemding fault(s) in transmission
portion of system as a
subsystem in three-phase system

An unbalanced fault in the
transmission system

Initialize each subsystem for dynamic simulation,
build the Thévenin equivalents of the subsystems

Output results End

= t+At .
No
Yes | Rebuild the Y matrix and
Fault at subsystem & ? the Thévenin equivalent The MATE app roach
matrix of subsystem k - based T&D network
No | .
solution
Run the MATE based network solution step iteratively until
the solution converges or reaching the maximum iteration

v

Perform the integration step for each subsystem




Conclusions

A normally cleared SLG fault could result in A/C motor stalling
and propagation to the non-faulted phase, depending on the
connection of step-down transformers

A/C compressor motors could take a much longer time than 2-5
cycles (typical T, , value) to stall when the equivalent
impedances between the fault point and A/C motors are large.

The point-on-wave effects deserve more attention as different
POWs could lead to significantly different results in terms of
A/C motor stalling.

OpenHybridSim, the first open-source tool for EMT and phasor
domain hybrid simulation, has been developed and is available
from: https://github.com/OpenHybridSim

A modeling framework and power flow and dynamic
simulation algorithms for integrated T&D systems have been
developed
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Vijay Vittal
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