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Phasor-Based Control

Concept developed and proven in
ENERGISE Project DE-EEO0008008
led by UC Berkeley/CIEE with

Project partners: Lawrence Berkeley Lab,
Univ. of Michigan, OPAL-RT, GridBright,
PingThings, PG&E
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Phasor-Based Control

Transmission-Level PBC
computes target V, L§,
relative to another V. L5,

Concept developed and proven in
ENERGISE Project DE-EEO0008008
led by UC Berkeley/CIEE with

Project partners: Lawrence Berkeley Lab,

Univ. of Michigan, OPAL-RT, GridBright,
PingThings, PG&E
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Transmission-level
information

Feeder-Level

Supervisory PBC
computes target V, L,

Local resource
information & forecasts
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Transmission-Level PBC
computes target V, L&,
relative to another V. L&,

Local PBC aims to
maintain V, L5,

Phasor-Based Control

In PBC, resources act to maintain a target
voltage phasor (magnitude and angle)
difference between a pair of locations.

As state variables, voltage phasors
encapsulate all information about power
flow (real and reactive).

Hierarchical layers:

e Supervisory PBC computes phasor
control targets at chosen nodes

* Local PBC drives resources to meet
targets
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Enab“ng Techno|ogy: MPMU Micro - Phasor Measurement Units (uPMUs)

developed through our Berkeley team’s ARPA-E OPEN 2012 project
“Micro-Synchrophasors for Distribution Systems”

make it possible to measure voltage magnitudes and phase angles
with meaningful precision for distribution power flows

Voltage
magnitude

Voltage phase angle
| (timing) in degrees

=

Voltage phasor: a complex number that
describes magnitude and phase angle shift

SOLAR ENERGY i - i
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Enabling Technology: uPMU s o
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Relationships between voltage phasor and power flow
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PBC in Context

~,  ONTARIO

> ~
P
T,
.
y -

L <~
o "jcioggp‘n}mo;
%‘E“

N
i |
o ARIZONA

“San Diego
oO——

X

\*\‘

o

A
“

y - Map data ©2016 Google, INEGI = Terms of Use

Visualization of voltage phase angle contours across the transmission grid

“Heat map” indicates system stress: power flows and network impedances
live map by University of Tennessee, Knoxville: fnetpublic.utk.edu
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Motivating Intuition for Phasor-Based Control

V, 26,

Po Qg jpz, Q, o By, Q P, Q,

Rasource
T

What should Resource 1 be doing?

The desired injection P,, Q, depends on the behavior of loads, other DER and network topology.

Phasor profile V,—-V,
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reflects changes in P,, Q, and P;, Q; whereas net power P,, Q, may not

reflects changes in topology whereas net power P,, Q, may not

remains relevant to local operating constraints

helps co-optimize real and reactive power

allows resources to respond directly to behavior of other DERs without compromising privacy
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Motivating Intuition for Phasor-Based Control

V, 49, V, 26,

V2 (Plzl le)
=) r+jx

=) r+jx
rest of ‘yz (P121 le) rest of

network network

How should Resource 2 respond to a contingency?

If one transmission line fails, the network impedance between 1 and 2 will roughly double
Scheduled power flows P,,, Q,, may exceed thermal or stability limits of the remaining line
Resource 2 has no way of knowing whether its scheduled P, Q injection is still safe for the grid
However: The profile V, -V, instantly reveals stress on the transmission path

By tracking the phasor difference, Resource 2 restores power flow on the remaining line
to the previous value of % (P,,, Q;,)
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Supervisory Phasor-Based Controller (S-PBC) assigns phasor targets

Supervisory controller performs a power flow optimization,
whose results it expresses in terms of target phasors at
performance nodes

* PBC is agnostic to the optimization criteria

e Optimization time step may be seconds or minutes

S-PBC uses a suitable compromise between full nonlinear and

linearized power flow for computational efficiency

Test cases studied:

* Net power flow control at feeder head

 ABC phase balancing

* \Voltage volatility management

* Phasor matching to support switching operations
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* N-1 security enhancement for transmission level
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Local Phasor-Based Controller (L-PBC) tracks phasor targets
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Local controller recruits one or multiple distributed
energy resources

* actuators may include PV inverters, storage,
controllable loads

* may be single- or three-phase

* may provide real and/or reactive power

Simulations show tracking phasor target, rejecting
disturbances with control time step ~ 0.5 to 1 sec

Multiple L-PBC algorithms were created and tested:

Proportional-Integral (Pl) Controller

Linear Quadratic Regulator

Retrospective Cost Adaptive Controller
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FLEXGRID HIL testing setup. © 2010-2019 The Regents of the University of
California, Lawrence Berkeley National Laboratory. Photo Credit: Thor Swift.
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Maxime Baudette with micro-PMUs at the FLEXGRID. © 2010-2019 The Regents of the
University of California, Lawrence Berkeley National Laboratory. Photo Credit: Thor Swift.

HIL Testing at
Berkeley Lab’s
FLEXGRID



PingThings Predictive Grid
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Optional other data:
SCADA, forecasts, prices...

Extensible Data Infrastructure

!-; ' Local PBC  Modbus ™
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Sample HIL Test results

Inverters are recruited to reject large
disturbances from time-varying loads on
all three phases using PI control logic.

Phasor tracking results from HIL Test 3.3, showing
magnitude (left) and angle (right) on each phase at
performance node 675, with co-located actuators.

The yellow line indicates the phasor target for node 675,
with the reference phasor 1.0 p.u. and 0° at the feeder
head.
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Sample HIL Test results

Inverters are recruited to reject large
disturbances from time-varying loads on
all three phases using LQR control logic.

Phasor tracking results from HIL Test 3.3, showing
magnitude (left) and angle (right) on each phase at
performance node 675, with co-located actuators.

The yellow line indicates the phasor target for node 675,
with the reference phasor 1.0 p.u. and 0° at the feeder
head.

SOLAR ENERGY
TECHNOLOGIES OFFICE
U.S. Department Of Energy

Berkeley

UNIVERSITY OF CALIFORNIA



Vmag [p.u.]

Vmag [p.u.]

Vmag [p.u.]

1.00 4

0.98

0.96 4

0.94 4

1.02

1.00 4

0.98

0.96 4

0.94 4

102

1.004

0.98

0.96 4

0.94

HIL2_PLO001_T9-3_PI - PH1_MAG

HIL2_PLO001_T9-3_PI - PH1_ANG

relative Vang [degrees]

HIL2_PLO001_T9-3_PI - PH2_ANG

relative Vang [degrees]

HIL2_PLO001_T9-3_PI - PH3_ANG

relative Vang [degrees]

560 IObO 15b0 20b0 25b0 3000
time [s]
HIL2_PLO001_T9-3_PI - PH2_MAG
T T T T T
500 1000 1500 2000 2500 3000
time [s]
HIL2_PLO001_T9-3_PI - PH3_MAG
0 560 10b0 15b0 ZObD 25b0 3000

time [s]

Sample HIL Test results

Inverters recruited to track target on
PG&E feeder PLOOO1 in the presence of
highly variable loads and high PV
penetration.

Controller tracks target (yellow) on a large feeder with
high second-wise load variance.
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Challenges

v' Conditioning of the problem
 small phasor differences correspond to large power injections
* requires ultra-precise measurement; great size for actuators is ~100 kW

v Supervisory controller computational speed vs. target accuracy
e various optimal power flow linearization approaches are workable
 our team developed a loss-approximation OPF method and iterative procedure for S-PBC

v’ Local controller performance vs. need for network model

 Pland RCAC (SISO) algorithms work without a distribution circuit model but can be
confounded by R/X ratio and phase coupling

 LQR (MIMO) is very fast and robust but requires a network model

v’ Scaling
* large feeders with multiple actuator and performance nodes are manageable
* Layering into transmission network appears feasible

[ Explicit P-Q control access to inverters is a significant practical limitation
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Conclusion

Transmission-Level PBC

computes target V, L6, We established that under PBC, multiple and
lative to another V. L . o
L Ry diverse distributed energy resources can:

| * track voltage phasor targets to within
V, L5, \
B g@@’ 0.005 per-unit

=

* reject step disturbances in neighboring

|
v ::"" . ) \
TR
" e
) -
'-'5' V2L62
Transmission-level ‘I VL5,

information

net loads of up to 100% of their capacity

* help the distribution utility manage
power flows and volatility on the grid

Feeder-Level

Supervisory PBC
computes target V, L5,

The PBC paradigm can be physically
~ Local resource L ocal PC Bl 1o implemented with secure communications,
information & forecasts maintain V, L6,

robust to failures.

Next: Field demo!
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