Model
ehavior

Using distribution models to deliver
smart grid volt/var control

TIM TAYLOR - Power distribution organizations are under pressure to
become more efficient and manage increasing peak demand. As the cost
of adding incremental capacity to networks has risen, organizations have
had to evaluate new operational strategies to reach these goals. Distribu-
tion volt/var control, while not a new topic, is experiencing a resurgence

in the industry, due to technology advances that have increased its effec-
tiveness. Volt/var control includes conservation voltage reduction, where
the system demand is reduced by controlled voltage reduction at customer
load points. This can typically reduce demand by 2 to 4 percent. System
loss reduction can also be minimized by the optimal operation of reactive
compensation equipment. Operational strategies can be optimized by using
a dynamic operating model in the distribution management system (DMS)
that reflects the current state of the network. In this way, model-based
volt/var optimization always takes into account, for instance, outages

and system reconfigurations. With the commercialization of model-based
volt/var optimization, distribution organizations are now able to achieve
significant performance benefits such as reductions in demand, real power
losses and operating costs.

Title picture

How does dynamic modeling of a distribution
system contribute to the smart grid concept
and deliver significant savings?
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The benefit of
utilizing a dynamic
model is that the
volt/var optimi-
zation is always
dealing with the
“as-operated”
network state.
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1 The major developments in volt/var control

Distribution system performance

Centralized radio-

control system

— Heuristics

- Rule-based

— Considers only few or several
points — often just capacitor
banks, not regulators

— Thermal and voltage

Local controls )
constraints not modeled

— Based on local

Model-based volt/var
optimization
— Maximizes CVR and loss
reduction through mathe-
matical optimization
— Uses present “as-operated”
network model
— Accounts for changing
feeder configurations
— Models loads and their
voltage sensitivity
— Voltage and thermal limits
explicity modeled
— Subtransmission and

measurements

— No coordination at
system level

— Minimal visibility into
performance

secondaries can be
modeled
— Reduced ownership costs
through shared infrastructure
with SCADA, OMS, DMS
applications

Time

oday’s emphasis on implement-

ing energy-efficiency programs

and limiting peak demand

growth is driving renewed inter-
est in an effective method of implement-
ing volt/var control on distribution sys-
tems: conservation voltage reduction
(CVR). In CVR, the system demand is
reduced through controlled reduction in
operating voltage at customer load
points.

Model-based volt/var optimization (VVO)
utilizes a dynamic operating model of the
distribution system, in conjunction with a
rigorous mathematical optimization algo-
rithm, to achieve a given operating objec-
tive. It is typically based on a distribution
connectivity model, as found in an orga-
nization’s geographic information system
(GIS). The operating status of the compo-

control room or via a SCADA interface.
The SCADA delivers changes in the sta-
tus of system components, such as dis-
tribution breakers, switches, reclosers,
fuses, jumpers and line cuts.

The benefit of utilizing a dynamic model is
that the volt/var optimization is always
dealing with the “as-operated” network
state. This ensures that the determination
of the voltage regulator taps, load tap
changer (LTC) taps and switched capa-
citor states always reflects the present
operating configuration of the system.

The savings made by deferred generation
expansion, reduced capacity procure-
ment, lowered system losses, decreased
customer energy consumption and re-
duced operating and maintenance costs
provide a very strong business case for
model-based VVO in smart grids.

Due to their inherent technology limita-
tions, previous volt/var control methods
- namely local-

Once implemented, the infra-
structure and resources that
are needed for model-based 9 not
VVO can be leveraged to pro-
vide additional functionality.

nents in the system model is usually
changed by direct operator action in the

based controls
and one-way cen-
tralized radio-con-
trolled systems -
permit
systematic optimi-
zation of voltage
and var controls
for maximum effec-
tiveness in terms
of loss reduction and CVR demand.
Legacy systems also required additional



2 Heuristic radio-controlled model versus model-based volt/var optimization
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Feeder 1 0 Cc c F Cc - Electrical model of
distribution system — imped-
F201 F202 F203 F204 F205 ances and capacities. Three
phase unbalanced model.
— Customer loads modeled:
Feeder 1 o) Cc c % impedance vs. % constant
power and voltage limits.
F301 F302 F303 — Optimization of capacitor
states and tap settings via
load flow iterations.
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state of the distribution
F401 F402 F403 F404 system.
Feeder 1 o) Cc F c [}

F501 F502 F503

C - closed-switch capagcitor
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F — fixed capacitor

2a Heuristic radio-controlled model

servers and communications infrastruc-
ture unsuitable for additional smart
grid functionality such as fault location,
self-healing restoration, and compre-
hensive distribution system monitoring
and control.

With the commercialization of model-
based volt/var optimization, and the ex-
tension of SCADA and intelligent elec-
tronic devices on the distribution system,
distribution organizations are now able to
achieve maximum performance benefits
with reductions in demand and energy,
real power losses and operating costs.

History

Since distribution systems were first
developed in the late 1800s, a great deal
of effort has been spent countering the
impact of reactive power and voltage
drop. Distribution line voltage regulators,
load-tap changing transformers and
switched and fixed capacitor banks were
developed to help keep customer volt-
ages within regulatory bandwidths, free
up capacity in the generation, trans-
mission and distribution systems, and
reduce real power losses.

Local controls were the first control mea-
sures introduced. Applied to LTCs, line
voltage regulators and switched shunt
capacitor banks, they utilize measure-
ments local to the device. These mea-
surements include current and voltage,
and, in the case of switched capacitor
banks, sometimes indirect inputs such as

2b Model-based volt/var optimization

time and temperature. These inputs are
often used as a proxy for the actual reac-
tive current flow = 1.

With local control, there is no explicit
centralized coordination of volt/var de-
vices at the system level, and implemen-
tation of CVR is far from optimal. In addi-
tion, there are costs for field personnel to
travel to a site to check for things such as
blown fuses, to verify controls are opera-
tional, or to change control settings to
match the seasonal load.

If banks are not operational, or even if
they are operational but with the wrong
settings, the voltage may be unaccept-
able and the power factor will be less
than ideal most of time. This also occurs
when time or temperature settings are
not well correlated with the actual reac-
tive current on the feeder during given
days or seasons. This creates additional
real power losses caused by excessive
reactive current flow.

Centralized radio control was introduced
about 30 years ago. This utilizes a central
monitoring system, often based on heu-
ristics, utilizing only the var measurement
at the distribution feeder breaker. Simple
one-way communication with switched
capacitor banks, for example, is typically
employed. Often the only quantity that is
monitored is the var flow at the feeder
breaker. If the distribution feeders are
reconfigured due to normal switching,
load balancing or fault isolation, the

Model-based volt/
var optimization
has many advan-
tages over local-
control based
methods and cen-
tralized radio-con-
trolled schemes.

Model behavior
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3 Loads, capacitor banks or transformers can be connected in various configurations in model-based VVO.
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rules-based logic is not able to automati-
cally track the capacitor banks on the
presently connected feeders. The lack of
visibility, predictability and optimization
across the system made CVR implemen-
tation impractical. Therefore, distribution
companies have advanced to model-
based VVO methods.

The Increase of distribution models

in system operations

Computerized distribution system mod-
els have been used in distribution plan-
ning for decades. They have been used
to facilitate distribution system planning
and design, and study system modifica-
tions such as line extensions, reconduc-
toring, substation and feeder additions,
voltage uprates, sectionalizing devices,
shunt capacitors and voltage regulators.

Back in the early 1990s, the distribution
models started to be used more often
in the operations environment. Namely,
model-based outage management sys-
tems were developed for use in distribu-
tion control rooms. System connectivity,
the location of protective and switching
devices, and the location of customers
permitted more accurate outage predic-
tion engines. Shorter customer outage
times and more efficient use of field crews
were the result.

Initially, the electrical characteristics,
such as equipment impedances, ratings,
and loads, were not used in the distribu-
tion operations system model. This was
for several reasons: First, the effort
required to maintain and use such data
in an operations environment was judged

to be greater than the operational bene-
fits gained. A distribution system model
is different from the transmission model
that most operations used in SCADA
and/or Energy Management Systems
(EMSs). The distribution system is much
larger, 10 to 20 times, typically, and the
system model must be a per-phase,
unbalanced model to accurately calcu-
late distribution conditions. Second, dis-
tribution system applications, such as
fault location, volt/var optimization and
self-healing had not been developed to
leverage the distribution models in the
operations environment.

Today, there are a number of factors driv-
ing the use of electrical models in the
operations environment. Business driv-
ers include demand reduction, energy
efficiency, improved asset utilization and
improved distribution situational aware-
ness. Technical drivers include improved
availability of computational power for
handling large distribution models, more
companies with a complete GIS model
of their distribution system, the addition
of cost-effective sensoring, intelligent
devices and communications that can
be used with the distribution system
model and the development of advanced
distribution applications such as volt/var
optimization.

Model-based volt/var optimization

Model-based volt/var optimization has
many advantages over local-control-based
methods and centralized radio-controlled
schemes = 2. Foremost among these is
that the as-operated state of the system,
including near real-time updates from



4 VVO in an integrated distribution operations platform

Employee dashboards,

Customer Web portal

reports, KPIs

\ AMI/MDM (outages) — OMS applications Advanced DMS network applications
— Trouble call management — Volt/var optimization
\ IVR and call-taking ’7 - Outage prediction - Automatic restoration switching
- Restoration management analysis
\ Mobile work management ’7 — Operations management — Fault location with short-circuit
— Switch order management analysis
ERP/asset management ’— - Crew management - Load allocation
- Unbalanced load flow
\ GPS/AVL — — Overload reduction switching

Data warehouse/historian and business intelligence

Integrated distribution operator GUI

3 party portals

Single dynamic distribution network model
Integrated data engineering environment
SCADA - Status, analogs, alarms, controls

Communication front-ends/ICCP

— AMI/MDM (electrical)
—{ Data historian
—] als

— cls

Field devices - RTUs and IEDs

SCADA and outage management systems
(OMSs), is used. This enables distribution
companies to maintain the precise voltage
control needed to implement CVR without
violating customer voltage limits. Model-
based systems are able to consider
changes to the network as they occur,
including load and capacitor bank trans-
fers between feeders, and changing load
conditions.

Past heuristic methods, such as monitor-
ing power factor at the feeder breaker,
are not optimal solutions. There can be
tens of km (or miles) of conductors on
a feeder. It is the voltage and var flow
throughout the entire feeder, and not
just at the feeder breaker or several
other points, that impact the losses and
demand on the feeder. A three-phase,
unbalanced load-flow model-based solu-
tion results in a more accurate volt/var
strategy than heuristics.

The technology required to support VWO,
including GIS-based network models,
two-way communications to distribution
substations and line equipment, and IT
resources, is now commonplace.

Model-based VWO will also enable distri-
bution organizations to accommodate new
complexities: increased renewable gener-
ation located at distribution voltage levels;
more automated fault location and restora-
tion switching schemes; increased system

monitoring and asset management pro-
cesses; and expansions in electric vehicle
charging infrastructure.

How it works

Simply put, the model-based VVO applica-
tion is used to optimize an objective func-
tion subject to a set of nonlinear equality
and inequality constraints, including thou-
sands of equations for unbalanced load
flow with several thousand state variables.
The nonlinear, non-convex combinatorial
properties of the model-based VWO prob-

Integration of the
DMS applications
with other utility
enterprise systems
can deliver addi-
tional value.

lem, coupled with high dimensionality (a
large number of state variables) explain
why model-based VVO has been a long-
standing challenge in the industry.

The model-based VVO algorithm can be
summarized as follows: Minimize real
power losses and/or real power load,
subject to the following engineering con-
straints:

Model behavior
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Model-based VVO
helps organizations
deal with growing
numbers of renew-
able energy gen-
erators.
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— Power flow equations (multiphase,
multiscore, unbalanced, meshed
system)

— Voltage constraints (phase-to-neutral or
phase-to-phase)

— Current constraints (cables, overhead
lines, transformers, neutral, grounding
resistance)

— Tap-change constraints (operation
range)

— Shunt capacitor change constraints
(operation frequency)

Using the optimization control variables:

— Switchable shunts (ganged or
unganged)

— Controllable taps of transformer/voltage
regulators (ganged or unganged)

Model-based VVO uses unbalanced load
flow (UBLF) and load allocation (LA) appli-
cations to obtain the starting network
state. It also invokes UBLF to provide sen-
sitivity (gradient) factors, obtain intermedi-
ate solutions in the voltage control itera-
tions and check the feasibility of candidate
solutions. The UBLF application is re-
quired, as opposed to a balanced load
flow application, due to the numerous sin-
gle-phase loads typically found on a distri-
bution system, as well as single-phase lat-
erals that can have controllable regulators
and capacitors.

The common three-phase, unbalanced
distribution model used by model-based
WO can accommodate all common
transformer connection configurations, un-
grounded or weakly grounded networks
and any degree of meshing.

For accuracy, a detailed network model
is used. Phase-based models are used
to represent every network component.
Loads or capacitor banks can be delta
or wye-connected. Transformers can
be connected in various delta/wye and
secondary leading/lagging configura-
tions with or without ground resistance
and with primary or secondary regulation
capability - 8.

Both voltage and var controls can be
ganged or unganged. The method works
on radial as well as meshed networks, and
with single or multiple power sources. Volt-
age controls are enforced for each indi-
vidual phase, using phase-to-ground or
phase-to-phase voltage, depending on the
connection type of the load. Any regulators
or capacitor banks that are temporarily

disabled due to maintenance or operation-
al issues can be temporarily excluded from
the analysis.

Model-based VVO considers the volt-
age-dependent component of loads in
order to model the reduction in demand
versus the reduction in voltage. The opti-
mum settings for each regulator or LTC
depend on the mix of constant power
and constant impedance loads on the
distribution circuit.

Integration with other smart grid
functionality

Once implemented, the infrastructure and
resources that are needed for model-
based VWO - including the network model,
SCADA, communications and the server/
hardware infrastructure — can be leveraged
to provide additional distribution manage-
ment system (DMS) functionality, such as
self-healing (automated restoration switch-
ing analysis), unbalanced load flow, fault
location and overload reduction switching.
Furthermore, integration of the DMS appli-
cations with other utility enterprise sys-
tems (eg, demand response management
systems, business intelligence applica-
tions and OMSs) can deliver additional
value = 4.

In addition, operators and utility enterprise
systems can benefit from better situational
and operational intelligence. Knowing,
through the graphical maps and tabular
displays in the DMS, the status of volt/var
equipment along an as-operated feeder
improves operator awareness. Model-
based volt/var applications can also lever-
age SCADA/DMS alarms for failed Field-
based controllers, blown capacitor fuses
and failed regulators or capacitor banks.
This and other information can be fed to
asset management and mobile workforce
management systems. The loss and de-
mand reduction data can be supplied to
systems that evaluate savings arising from
reduced fuel costs for a generating utility
and reduced power purchase costs for
nongenerating utilities.

Advantages

Model-based VWO now allows distribution

companies to implement voltage and var

optimization under real-world conditions

and with numerous advantages over previ-

ous methods:

— The mathematical optimum is com-
puted, instead of a rule-based heuristic
solution.



— Maximum reduction in power and
energy losses, customer demand
reduction and freed-up capacity is
determined using a mixed-integer,
nonlinear programming method.

— Operating objectives can be changed to
meet business requirements.

— The optimization can be set to execute
on a defined schedule, or when there
are significant system changes.

— Offline simulations can be performed,
allowing different system configurations
and contingencies to be studied.

The as-operated state of the network is

utilized by the optimization.

— As outages and system reconfigurations
occur, the network maintains proper
connectivity of loads, capacitor banks,
regulators and other feeder compo-
nents.

— The network model is kept up to date
incrementally as part of the outage and
distribution updating process.

— With one common as-operated network
model for all smart grid applications to
draw from, consistency is guaranteed.

Infrastructure and maintenance costs for
implementing multiple DMS applications
are reduced.

— Model-based VWO utilizes the same
resources as SCADA, OMS and other
DMS applications.

— With integrated DMS, there is no
duplication of computing infrastructure
and communications environments for
implementing other smart grid applica-
tions.

— Having a single DMS distribution
network model eliminates synchroniza-
tion issues between different models
maintained in different applications.

A three-phase unbalanced network model

is utilized.

— A detailed, unbalanced three-phase
system model improves accuracy.

— Multiple voltage levels can be modeled,
including subtransmission and
secondary voltage levels.

— Networked and looped systems can be
included, not just radial.

— The impact on the entire network model
is calculated.

— Voltage imbalance is included, as are
ganged and unganged controls.

Customer loads are modeled explicitly.
— A voltage-dependent representation of
customer loads is used since they differ

with how load varies as a function of
voltage and differ in reactive power
requirements.

— The location, size and type of loads on
the system determine the optimal LTC
and regulator settings for CVR.

— Voltage at load points is calculated and
compared with operating limits.

— Customer loads can be represented as
a function of time.

Model-based VVO: the future
Model-based VWO is perfectly attuned to
other advances in distribution systems.
For example, the increased use of auto-
matic fault location and automated switch-
ing and restoration schemes uses the
same model. These applications reconfig-
ure the distribution system, changing the
location of loads as well as the location of
voltage regulators and capacitor banks.
Older-generation,  rule-based  volt/var
methods were not able to account for such
system changes, whereas model-based
VWO can. Indeed, it can do so explicitly
and automatically.

Further, model-based VVO helps organi-
zations deal with growing numbers of
renewable energy generators. Distribu-
tion organizations are already experienc-
ing the voltage fluctuations caused by
distribution-connected renewable gener-
ation, especially from single-phase resi-
dential photovoltaic systems. Model-
based VVO already models multiple
generation sources and it can be adapt-
ed to model and control reactive power
from renewable sources.

As advanced meters and cost-effective
remote voltage-sensing devices continue
to be deployed at load points in ever
greater numbers, additional end-point
voltage readings will become available to
the optimization routines. This additional
information will further enhance the per-
formance of the model.

Tim Taylor
Ventyx, an ABB company
Raleigh-Durham, NC, United States

tim.taylor@us.abb.com
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