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Disclaimer

This	work	was	authored by	the	National	Renewable	Energy	Laboratory,	operated	by	
Alliance	for	Sustainable	Energy,	LLC,	for	the	U.S.	Department	of	Energy	(DOE)	under	
Contract	No.	DE-AC36-08GO28308.	Funding	provided	by NREL	Laboratory	Directed	
Research	and	Development	Funds.	The	views	expressed	in	the	article	do	not	
necessarily	represent	the	views	of	the	DOE	or	the	U.S.	Government.	The	U.S.	
Government	retains	and	the	publisher,	by	accepting	the	article	for	publication,	
acknowledges	that	the	U.S.	Government	retains	a	nonexclusive,	paid-up,	irrevocable,	
worldwide	license	to	publish	or	reproduce	the	published	form	of	this	work,	or	allow	
others	to	do	so,	for	U.S.	Government	purposes.
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Transactive	Energy

• A	definition:	“a	system	of	economic	and	control	mechanisms	that	allows	the	dynamic	balance	of	
supply	and	demand	across	the	entire	electrical	infrastructure	using	value	as	a	key	operational	
parameter”	

• Most	current	transactive	control	approaches	incentivize	loads	and	DERs	
– to	dynamically	balance	supply	and	demand	and	to	limit	real	power	peaks	
– based	on	rules	of	thumb	and	heuristics,	ignoring	underlying	power	flows	àmay	not	be	stable	

and	might	lead	to	severe	voltage	swings
– Without	taking	into	account	the	effect	on	voltage	regulation	—a	key	responsibility	of	DSOs	

• We	propose	a	composite	pricing	structure with	
– an	energy	price	based	on	wholesale	prices	and	bids	

by	participating	DERs	(5-15	minutes)
– incentive	signals	for	fast-timescale	grid	services	(1-

10	seconds)
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DLMP-based	market

• NREL	is	working	on	DLMP	formulation	and	application
– Different	components	of	DLMP1

• Collaboration	with	Kansas	State	University	on	DLMP-based	
day-ahead	market2

– Both	real	and	reactive	power	prices
– Considers	losses,	congestion	and	voltage	violations
– Results	from	modified	IEEE	69-node	model

• PV	added,	handles	uncertainty	in	market
• 50%	of	load	considered	responsive		

• Will	require	some	foundational	work	to	integrate	with	online	
optimization	for	voltage	regulation,	focus	of	rest	of	talk

1	R.	Yang	and	Y.	Zhang,	“Three-Phase	AC	Optimal	Power	Flow	Based	Distribution	Locational	Marginal	Price,”	IEEE	Innovative	Smart	
Grid	Technologies	Conference,	Arlington,	VA,	April	2017.	
2	N.N.	Faqiry,	L.	Edmonds,	H.	Wu,	R.	Yang,	A.	Pratt	and	Y.	Zhang,	“Distribution	LMP-based	transactive	forward	market	with	variable	
renewable	generation,” submitted	to	IEEE	Trans	Power	Systems.
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Network-aware	control

• Loads	and	DERs	participate	in	voltage	regulation	by	responding	to	
incentive	signals		calculated	using	a	power	flow	model

– increasing	or	decreasing	active	power	consumption	and	
generation	and/or	reactive	power	sourcing	or	sinking	

• Impact	on	voltage	depends	on	location	within	the	network,	so	
incentive	signals	are	location-specific

• Incentive	signals	calculated	for	active	&	reactive	power	based	on
– linearized	AC-OPF
– measured	voltages	and	currents
– predicted	power	usage	and	flexibility	of	building	loads	

• Online	optimization	executed	every	1-10	seconds

𝑚𝑖𝑛	𝐶&(𝑝&, 𝑞&) − 𝛼& . 𝑝& + 𝛽& . 𝑞&
𝑠. 𝑡. 	 𝑝&, 𝑞& ∈ 𝐹𝑒𝑎𝑠𝑖𝑏𝑙𝑒	𝑆𝑒𝑡 (1)
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Network-level	controls	at	DSO

• A	social-welfare	problem	capturing	both	customer-oriented	and	network-oriented	objectives1

• Based	on	a	linearized	three-phase	power	flow	model2	

• Use	convex	relaxation	and	the	dual	algorithm	to	solve	

1	X.	Zhou,	E.	Dall’Anese,	L.	Chen,	and	A.	Simonetto,	“An	Incentive-based	Online	Optimization	Framework	for	Distribution	Grids.”	IEEE	
Transactions	on	Automatic	Control,	October	2017.
2	A.	Bernstein	and	E.	Dall’Anese,	“Linear	power-flow	models	in	multiphase	distribution	networks,”	in	the	7th IEEE	International	Conference	on	
Innovative	Smart	Grid	Technologies,	Sep.	2017.	

s.t.

𝑝&, 𝑞& is	the	optimal	solution	to	(1).

𝑚𝑖𝑛	;𝐶&(𝑝&, 𝑞&)
<

&=>

𝑣 = 𝑀B . 𝑃 +𝑀D . 𝑄 +𝑚

	𝑣 ≤ 𝑣 ≤ 𝑣
𝑣 = 𝐾B . 𝑃 + 𝐾D . 𝑄 + k

(2)

Solve	𝑝&, 𝑞& and	𝛼&, 𝛽&.		
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Control	theory	developments	

• This	work	is	an	application	of	a	general	framework	for	online	optimization	of	dynamical	systems	
being	developed	at	NREL

M.	Colombino,	E.	Dall’Anese,	and	A.	Bernstein,	“Online	Optimization	as	a	Feedback	Controller:	Stability	and	Tracking,”	submitted	to	the	IEEE	Transactions	
on	Control	of	Network	Systems.
A.	Bernstein,	E.	Dall’Anese,	and	A.	Simonetto,	“Online	Optimization	with	Feedback,”	submitted	to	the	IEEE	Transactions	on	Signal	Processing.
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Initial	Modeling	and	Simulation	Results	
• Phase	C	of	modified	IEEE	37-node	feeder	with	measured	load	data	
• 18	PV	systems,	375	air	conditioners	and	375	batteries	responding	to	incentive	signal

X.	Zhou,	E.	Dall’Anese,	L.	Chen,	and	A.	Simonetto,	“An	Incentive-based	Online	Optimization	Framework	for	Distribution	Grids.”	IEEE	
Transactions	on	Automatic	Control,	October	2017.
X.	Zhou,	E.	Dall’Anese,	and	L.	Chen,	“Online	Stochastic	Optimization	of	Networked	Distributed	Energy	Resources.”	(Under	review)	IEEE	
Transactions	on	Automatic	Control,	2018.

§ Left: (up) an arbitrary PV’s real and reactive power output 
w.r.t. incentive signals, (middle) an arbitrary A/C’s 
temperature and its power on/off status, and (down) an 
arbitrary battery’s SOC and charging status.

§ Middle: (up) temperatures under control of all 375 A/Cs; 
(down) SOC pf all 375 batteries.

§ Right: voltages w/ and w/o control throughout a day.
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Larger	Scale	Modeling	and	Simulation
• Simulated	incentive-based	online	optimization	using	NREL’s	IESM	

cosimulation	tool		
– Python-based	tool	to	cosimulate power	system,	buildings	and	

markets
– Larger	scale	&	higher	fidelity	simulations

• IEEE	8500	node	feeder	with	1,977	homes,	1,777	with	PV1

• Air	conditioners	and	PV	inverters	respond	to	incentive	
prices	and	a	time-of-use	(TOU)	price

• DSO	determines	incentive	prices	to	reduce	voltage	
violations	

• Simulated	four	scenarios,	defined	by	NIST	for	the	TE	Challenge2:
– Sunny:	day	in	Arizona,	actual	weather	
– Cloudy:	weather	event	added,	based	on	actual	weather	event
– Price-responsive	demand	(PRD):	A/Cs	and	PVs	respond	to	a	TOU	

price
– Transactive	energy	controls	(TEC)

1	Model	prepared	by	PNNL	for	the	TE	Challenge
2	https://www.nist.gov/engineering-laboratory/smart-grid/hot-topics/transactive-energy-modeling-and-simulation-challenge



10

IEEE	8500	grid	&	scenario

Electric	feeder	with	high	penetration	of	PV.	
At	2:30,	a	storm	front	overspreads	the	feeder	and	
PV	power	production	drops	from	full	sun	to	10%	
sun	in	a	period	of	10	min.	
This	is	followed	by	a	ramp	back	up	to	full	sun	from	
4:00	– 4:30	pm.	

Based	on	Scenario	#3	in	SGIP	TE	Application	
Landscape	Scenario	white	paper
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Voltage	violations
Voltage	violations	
decreased		compared	to	
Cloudy	scenario

Average voltages across feeder Proportion of houses with overvoltage and 
undervoltage violations [%]

Total number of voltage violations
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Voltage	
distributions

Voltage	varies	less	as	under-
and	over-voltages	are	reduced

Distribution of voltages for scenarios
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Incentive	price	
signals

Varies	by	
phase	in	
response	to	
voltages

Incentive price signal for active powerIncentive price signal for reactive power
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PV	inverter	
responses

Incentive price signal for active powerIncentive price signal for reactive power

PV	inverters	curtailed	in	the	morning	and	
supply	reactive	power	support	in	the	evening
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A/C	responses

Lower	setpoint	in	
morning	to	increase	
load	and	higher	
setpoint	during	peak	
TOU	price	to	
decrease	cost

Air temperature responses
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Consumer	cost	
impact

Incentive	signal	has	no	
significant	impact	on	total	
electricity	cost

Average consumer cost 
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• Improve	performance	by	tuning	of	parameters	within	
optimization

• Simulated	for	longer	time	periods	and	more	scenarios
• Machine	learning	approaches	to	tune	parameters
• Include	an	open-source	blockchain	to	exchange	data	within	

simulation
• HIL	simulation	using	NREL’s	Systems	Performance	Lab	with	

real	residential	loads	and	DERs

Future	Steps
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