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Impacts of Renewable-Based Power Generation Resources

I Deep penetration of renewable-based generation imposes additional
requirements on ancillary services including:

• Frequency regulation (in bulk power systems)

• Reactive power support (in distribution systems)

I Frequency regulation in bulk power systems is typically achieved by
controlling large synchronous generators

• Resources in distribution systems are not utilized for this task

I Reactive power support in distribution systems is provided by devices
such as load tap changers (LTCs) and fixed/switched capacitors

• These devices are not designed to manage high variability in voltage
fluctuations induced by renewable-based generation
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The Solution

I An increasing number of DERs are being integrated into distribution
systems

I DERs could potentially be utilized to provide ancillary services if
properly coordinated by, e.g., an aggregator

PV systems Electric Vehicles Fuel Cells Residential Storage
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Need for Data-Driven Coordination
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I DER aggregators needs to develop appropriate coordination schemes so
DERs can collectively provide services that meet certain requirements

I Model-based schemes may be infeasible due to the lack of accurate models

I Data-driven schemes that only rely on measurements provide a promising
alternative for developing efficient coordination schemes
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Presentation Overview

Objective

To develop data-driven coordination frameworks for assets (DERs, LTCs)
in distribution systems

I Part I. Active power provision problem
• total active power exchanged between the distribution and bulk systems

needs to equal to some amount requested by the bulk system operator

I Part II. Voltage regulation problem
• the voltage magnitude at each bus needs be maintained to stay close

to some reference value

Doḿınguez-Garćıa (ECE ILLINOIS) Data-driven Coordination aledan@ILLINOIS.EDU 4 / 32



Outline

1 Introduction

2 DER Coordination for Active Power Provision

3 LTC Coordination for Voltage Regulation

4 Concluding Remarks



Optimal DER Coordination Problem (ODCP)
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pd
2<latexit sha1_base64="gMdhP9FL/e9C16IxAR0usCA2vME=">AAAB7HicbVBNS8NAEJ2tX7V+VT16WSyCp5JUQY8FPXisYNpCG8tms2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBang2jjONyqtrW9sbpW3Kzu7e/sH1cOjtk4yRZlHE5GobkA0E1wyz3AjWDdVjMSBYJ1gfDPzO09MaZ7IBzNJmR+ToeQRp8RYyUsHjcdwUK05dWcOvErcgtSgQGtQ/eqHCc1iJg0VROue66TGz4kynAo2rfQzzVJCx2TIepZKEjPt5/Njp/jMKiGOEmVLGjxXf0/kJNZ6Ege2MyZmpJe9mfif18tMdO3nXKaZYZIuFkWZwCbBs89xyBWjRkwsIVRxeyumI6IINTafig3BXX55lbQbdfei3ri/rDVvizjKcAKncA4uXEET7qAFHlDg8Ayv8IYkekHv6GPRWkLFzDH8Afr8AXU1jnU=</latexit>

pd
4<latexit sha1_base64="yqrkG/Rgqhi2VSlTUC12/oCKJhI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY8FPXisYGqhjWWz2bRLN5tldyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhZIzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjk4zRahPUp6qbog15UxQ3zDDaVcqipOQ04dwfD3zH56o0iwV92YiaZDgoWAxI9hYyZeD5mM0qNbcujsHWiVeQWpQoD2ofvWjlGQJFYZwrHXPc6UJcqwMI5xOK/1MU4nJGA9pz1KBE6qDfH7sFJ1ZJUJxqmwJg+bq74kcJ1pPktB2JtiM9LI3E//zepmJr4KcCZkZKshiUZxxZFI0+xxFTFFi+MQSTBSztyIywgoTY/Op2BC85ZdXSadR9y7qjbtmrXVTxFGGEziFc/DgElpwC23wgQCDZ3iFN0c4L86787FoLTnFzDH8gfP5A3hBjnc=</latexit>

pd
1<latexit sha1_base64="Y9M8vq5BYqITmzKC5L/04PXNJP8=">AAAB7HicbVBNS8NAEJ2tX7V+VT16WSyCp5JUQY8FPXisYNpCG8tms2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBang2jjONyqtrW9sbpW3Kzu7e/sH1cOjtk4yRZlHE5GobkA0E1wyz3AjWDdVjMSBYJ1gfDPzO09MaZ7IBzNJmR+ToeQRp8RYyUsH7mM4qNacujMHXiVuQWpQoDWofvXDhGYxk4YKonXPdVLj50QZTgWbVvqZZimhYzJkPUsliZn28/mxU3xmlRBHibIlDZ6rvydyEms9iQPbGRMz0sveTPzP62UmuvZzLtPMMEkXi6JMYJPg2ec45IpRIyaWEKq4vRXTEVGEGptPxYbgLr+8StqNuntRb9xf1pq3RRxlOIFTOAcXrqAJd9ACDyhweIZXeEMSvaB39LFoLaFi5hj+AH3+AHOvjnQ=</latexit>

Determine the DER active power injection vector, pg, that minimizes total
cost of operation while satisfying:

C1. The power exchanged with the bulk system, y, tracks some
pre-specified value, y?

C2. The active power injection from each DER does not exceed its
corresponding capacity limits, i.e., pg ≤ pg ≤ pg

C3. The power flow on each line does not exceed its maximum capacity,
i.e., −f ≤ f ≤ f
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Input-Output System Model

I y can be written as a function of pg,pd, qd as follows:

y = h(pg,pd, qd)

I h captures the impacts from both the physical laws as well as the
effect of any reactive power control scheme

Assumption 1

H1. The rate of change in y w.r.t. pg is bounded for bounded changes in
the DER active power injections

H2. The total active power provided to the bulk power system will increase
when more active power is injected in the power distribution system
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ODCP Formulation

I The ODCP can be formulated as:

minimize
pg∈[pg ,pg ]

c(pg)

subject to

h(pg,pd, qd) = y?,

−f ≤M−1(Cpg − pd) ≤ f

pg DER active power injections
pg,pg DER upper and lower capacity limits
pd, qd Load active, reactive power demands
y? Requested power to be exchanged with bulk grid
f Line flow limits
M Reduced node-to-edge incidence matrix
C Matrix mapping DER indices to buses
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Data-Driven DER Coordination Framework

I Data defining the ODCP problem:
• Cost function, c(·)
• DER capacity limits, pg,pg

• Network topology and DER location, M ,C
• Load active and reactive power demand, pd, qd

• Line flow limits, f
• Input-output model, h(·, ·, ·) ← Assumed unknown

I Real-time measurements available:
• DER active power injections, pg[k], k = 1, 2, . . .
• Active power exchanged with the bulk system, y[k], k = 1, 2, . . .

Framework Building Blocks

I An input-output (IO) model estimator that uses available real-time
measurement data

I A controller that uses uses the identified IO model to solve the ODCP
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Two-Timescale Coordination Framework

time

controller solves ODCP

time

iterations in estimation process

estimator updates sensitivities

Estimation Process

pd and qd remain approximately constant between two time instants;
therefore, changes in y[k] that occur across time steps in the estimation
process depend only on changes in pg[k]; thus,

y[k] = h(pg[k],pd, qd), k = 0, 1, . . .
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Input-Output Model as a Linear Time-Varying System

I For notational simplicity, define u[k] = pg[k], u = pg, u = pg, and

π = [(pd)>, (qd)>]>; then, the IO model can be written as:

y[k] = h(u[k],π), k = 0, 1, . . . ,

I For k > 1, the above equation can be transformed into the following
equivalent linear time-varying model:

y[k] = y[k − 1] + φ[k]>(u[k]− u[k − 1])

where φ[k]> = [φi[k]] =
∂h

∂u

∣∣∣∣
ũ[k]

, with ũ[k] = aku[k] + (1− ak)u[k]

I φ[k] is referred to as the sensitivity vector at time step k

I The entries of φ[k] are bounded for all k by Assumption 1
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Estimator – Estimation Step

I At time step k, the objective of the estimator is to obtain an estimate
of φ[k], denoted by φ̂[k], using available measurements of u and y

I Problem P1:

φ̂[k] = arg min
φ̂∈Q=[b1,b1]

n

Je(φ̂) =
1

2
(y[k − 1]− ŷ[k − 1])2

subject to

ŷ[k − 1] = y[k − 2] + φ̂>(u[k − 1]− u[k − 2])
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Estimator – Control Step

I The objective of the controller during the estimation process is to
ensure that the output tracks the target [Different from the ODCP]

I Problem P2:

u[k] = arg min
u∈U=[u,u]

Jc(u) =
1

2
(y? − ŷ[k])2

subject to

ŷ[k] = y[k − 1] + φ̂[k]>(u− u[k − 1])

I Note that φ̂[k] is used to predict the value of y[k] for a given u
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Estimation Process Workflow

· · ·u[k − 1]→ y[k − 1]→ φ̂︸ ︷︷ ︸
estimation step

control step︷ ︸︸ ︷
[k]→ u[k]→ y[k]→ φ̂[k + 1] · · ·

I At the beginning of iteration k, y[k − 1] is used in Problem P1 to
update the sensitivity vector estimate, φ̂[k]

I The updated sensitivity vector estimate, φ̂[k], is then used in
Problem P2 to determine the control, u[k]

I Then, the DERs are instructed to change their active power injection
set-points based on u[k]

I Problems P1 and P2 are not solved to completion for each k

I Instead, we iterate the projected gradient descent algorithm that
would solve them for one step at each iteration k
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Simulation Setup
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Figure 1: The IEEE 123-bus distribution test feeder.
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Tracking Performance During Estimation
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Figure 2: Tracking error for βk = 0.02 under various tracking targets.

0.0 2.0 4.0 6.0 8.0 10.0

time (s)

−100

−75

−50

−25

0

tr
ac
ki
ng

er
ro
r
(k
W
)

0.005

0.01

0.02

0.03

0.04

0.05

Figure 3: Tracking error for y? = −3000 kW and various constant control step sizes.
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Estimation Accuracy

I Mean absolute error (MAE) of estimation errors:

MAE =

∑n
i=1

∣∣φ̂i[k]− φi[k]
∣∣

n
,

where n is the number of DERs
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Figure 4: Estimation error under various control step sizes.
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Outline

1 Introduction

2 DER Coordination for Active Power Provision

3 LTC Coordination for Voltage Regulation

4 Concluding Remarks



Background

I Voltage regulation transformers—also referred to as Load Tap
Changers (LTCs)—are widely utilized in power distribution systems to
regulate voltage magnitudes along a feeder

I Model for a load tap changer on a line connecting buses i and j:

+

−

+

−

i

j

Vi

Vj

rℓ + i xℓtℓ : 1

+

−

Vj′ =
Vi

t2ℓ

Vi Primary side voltage magnitude
Vj0 Secondary side voltage magnitude
Vj Line receiving end voltage magnitude
t` Tap ratio
r` Transformer + line resistance
x` Transformer + line reactance

<latexit sha1_base64="o95+ZhqUihFZ3qgD3xJ3PvnIViA="></latexit>

I The tap ratio, tl, typically takes 33 discrete values ranging from 0.9
to 1.1, by an increment of 5/8%, i.e.,

tl ∈ T = {0.9, 0.90625, · · · , 1.09375, 1.1}
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Problem Motivation

I Current LTC control schemes are myopic:

• Based on local voltage measurements

• Do not account for future uncertainty effects on current control actions

I These schemes are no longer suitable because of increased variability
and uncertainty in uncontrolled power injections arising from:

• Residential PV installations

• Electric vehicles

I In addition, the use of controlled DERs for providing frequency
regulation to the bulk grid has an impact on voltage regulation
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Volt/VAR Control Architecture

t0 t1 t2

Slow Time-Scale Control

time

Fast Time-Scale Control

I Slow Time-Scale: LTCs are periodically dispatched so as to reduce
mechanical wear

I Fast Time-Scale Control: Power-electronic-interfaced DERs with
reactive power provision capability
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Optimal LTC Dispatch Problem

Synchronous generator

Inverter-interfaced source

Load

Synchronous generator

Inverter-interfaced source

Load

Bus

Legend

Synchronous generator

Inverter-interfaced source

Load

Legend

tie line

distribution system
<latexit sha1_base64="5oXhHblagDTaRG/DPbSkMCuxC24=">AAACBXicbVDJSgNBEO1xjXEb9SLooTEInsIkHvQY8OJFiWAWSELo6dQkTXoWumvEMATBS/yUXDwo4tV/8CD4N3aWgyY+KHi8V0VVPTeSQqPjfFsLi0vLK6uptfT6xubWtr2zW9ZhrDiUeChDVXWZBikCKKFACdVIAfNdCRW3ezHyK3egtAiDW+xF0PBZOxCe4AyN1LQP6wj3qL2kZXYp4cYjmeqeRvD7TTvjZJ0x6DzJTUmmsP80GH5dPRSb9me9FfLYhwC5ZFrX8k6EjYQpFFxCP12PNUSMd1kbaoYGzAfdSMZf9OmxUVrUC5WpAOlY/T2RMF/rnu+aTp9hR896I/E/rxajd95IRBDFCAGfLPJiSTGko0hoSyjgKHuGMK6EuZXyDlOMowkubULIzb48T8r5bO40m78xaVyTCVLkgByRE5IjZ6RALkmRlAgnj2RIXsirNbCerTfrfdK6YE1n9sgfWB8/Hs+dWA==</latexit>

bulk grid

V0
<latexit sha1_base64="UWBxE37KNPRxcRhAec6ZeR5sUDE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCHjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHlp9t1+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5FtXZ/Wanf5nEU4QRO4Rw8uII63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wfYOY2D</latexit>

V1<latexit sha1_base64="YI4Xx+GEkdjmHVvEks46BTlj0vc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCHjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHlp9r1+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophtd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmnVqt5FtXZ/Wanf5nEU4QRO4Rw8uII63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wfZvY2E</latexit>

V2<latexit sha1_base64="iwfnaRBVV/Ir21Cwc6KNHjU4I4w=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCHjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHlr9Wr9ccavuHGSVeDmpQI5Gv/zVG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyZpUBCWNtSyGZq78nMhoZM4kC2xlRHJllbyb+53VTDK/9TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlVdKqVb2Lau3+slK/zeMowgmcwjl4cAV1uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/bQY2F</latexit>

V3
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N = 5

L = 5

n = 4
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Load tap changer (LTC)

Objective

Find a policy for determining the LTC tap positions based on
measurements of current

I tap ratios

I bus voltage magnitudes

so as to minimize bus voltages deviations from some reference value as
power injections change as time evolves
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Power Distribution System Model

I The relation between square voltage magnitudes and active/reactive
power injections and LTC tap ratios at instant k can be written as

V [k] = g(p[k], q[k], t[k])

V [k] Vector of voltage magnitudes at instant k
p[k], q[k] Vector of active, reactive, power injections at instant k
t[k] Vector of tap ratios at instant k

I Network topology and transmission line parameters are encapsulated
into g
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Assumptions

T1. Changes in active and reactive power injections at instant k,
∆p[k] := p[k + 1]− p[k] and ∆q[k] := q[k + 1]− q[k], are random

T2. Active and reactive power injections k, p[k] and q[k], are not
measured and their joint probability distribution is unknown

T3. Network topology is known, i.e., M is known

T4. Line parameters are unknown, i.e., r and x are unknown

I Because of Assumption T1 is natural to formulate the problem as a
Markov Decision Process (MDP)

I Because of Assumptions T2 – T4, we will have to resort to
reinforcement learning (RL) techniques to solve this MDP
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LTC Coordination Problem as an MDP
I State space, S: the state, s, is composed of tap ratio and squared

voltage magnitude vector, i.e., s = (t,v), t ∈ T Lt
, v ∈ RN ; thus,

S ⊆ T Lt × RN

I Action space, A: the action, a, is the change in LTC tap ratio
between two consecutive time instants, i.e., a = ∆t,
∆t ∈ ∆T Lt

=: A, where

∆T = {0,±0.00625, · · · ,±0.19375,±0.2}

is the set set of feasible tap ratio changes

I Reward function, R: the reward when the system transitions from
state s = (t,v) into state s′ = (t′,v′) after taking action a = ∆t is

R(s,a, s′) = − 1

N
‖v′ − v?‖,

i.e., we are penalizing voltage deviation from some reference value v?
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LTC Coordination Problem as an MDP

I State transitions: governed by random changes in active and reactive
power injection vectors, ∆p := p′ − p and ∆q := q′ − q:

s′ = h(s,a,∆p,∆q)

• Network topology and transmission line paramters are encapsulated
into h

• Probability of transitioning from s to s′ under action a, P(s′ | s,a),
could be computed if h and the joint pdf of ∆p and ∆q were know

Objective

Find a policy π : (t,v) 7→ ∆t, t ∈ T Lt
, v ∈ RN ,∆t ∈ ∆T Lt

so that

− 1

N

∞∑
k=0

γkE
[
‖v[k + 1]− v?‖

∣∣ t[0] = t0,v[0] = v0

]
is maximized (equivalent to minimizing voltage deviations)
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Solving the LTC Coordination Problem
I Let R̄(s,a) denote the expected reward for the pair (s,a)

I The MDP is solved when we find Q∗(s,a), s ∈ S,a ∈ A, and
π∗(s), s ∈ S, satisfying

Q∗(s,a) = R̄(s,a) + γ
∑
s′∈S
P(s′|s,a) max

a′∈A
Q∗(s′,a′)

π∗(s) = arg max
a

Q∗(s,a)

I Two issues in our setting:

I1. We do not know P(· | ·, ·)

I2. Even if we knew P(· | ·, ·), we could not solve for Q∗(s,a) efficiently
because of the curse of dimensionality in the state and action spaces

I To circumvent Issue I1, we apply a model-free RL algorithm that
utilizes transition samples obtained via a virtual transition generator

I To circumvent Issue I2, we use function approximation and a learning
scheme for sequential estimation of the action-value function
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LTC Coordination Framework Building Blocks

Power Distribution

System

Environment

Greedy Actor

Acting Agent

action

reward

Action-Value Function 

Estimator (Critic)

History

Learning Agent

Virtual Transition 

Generator

Exploratory Actor

state

action

action-value 

function estimate
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Action-Value Function Value Estimator
I Let Q̂(·, ·) denote an approximation of the optimal action-value

function Q(·, ·)

I Methods for obtaining Q̂(·, ·) include:

• Parametric functions

• Neural networks

I Here we consider a linear parametrization of Q̂(·, ·):

Q̂(s,a) = w>φ(s,a),

where w ∈ Rf is the parameter vector and φ : S ×A → Rf is some
basis function

I Let D = {(s,a, r, s′) : s, s′ ∈ S,a ∈ A} denote a set (batch) of
transition samples obtained via observation or simulation

I We use least-square policy iteration (LSPI) algorithm [Lagoudakis and
Parr, 2003] to find w that best fits the transition samples in D
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Challenges

I The LSPI algorithm requires adequate transition samples that spread
over S ×A

I This is challenging in power systems since the system operational
reliability might be jeopardized when exploring randomly

• We address this by developing by generating samples via a virtual
transition generator that leverages historical system operational data

I The LSPI also suffers from the curse of dimensionality when the
action space is large—the case in the LTC coordination problem

• We address this by using a sequential scheme that breaks the learning
problem into smaller problems and uses the LSPI algorithm on those
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IEEE 123-bus Test Feeder
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IEEE 123-bus Test Feeder Results
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Figure 5: Tap positions.
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Figure 6: Immediate rewards.
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Figure 7: Rewards over 7 days.
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Conclusions

I We developed a data-driven coordination framework for coordinating
assets in distribution systems to provide ancillary services:

I The proposed framework:

• It assumes no prior information on the distribution system model,
except knowledge of network topology

• It mainly relies on measurements

• It is adaptive and robust to changes in operating conditions

I Refer to the following papers for more details:

1. H. Xu, A. Doḿınguez-Garćıa, and P. Sauer, “Data-driven Coordination
of Distributed Energy Resources for Active Power Provision,” IEEE
Transactions on Power System, 2019.

2. H. Xu, A. Doḿınguez-Garćıa, and P. W. Sauer, “Optimal tap setting of
voltage regulation transformers using batch reinforcement learning,”
IEEE Transactions on Power System, 2019.
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Questions?

Alejandro D. Doḿınguez-Garćıa
e-mail: aledan@ILLINOIS.EDU

url: https://aledan.ece.illinois.edu
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A Primer on Markov Decision Processes
I A Markov Decision Process (MDP) is defined as a 5-tuple

(S,A,P,R, γ) where
• S is a finite set of states
• A is a finite set of actions
• P is a Markovian transition model
• R : S ×A× S → R is a reward function
• γ ∈ [0, 1) is a discount factor

I Let s[k] and a[k] denote random variables (r.v.’s) respectively
describing the value the state and action take at time instant k

I Let r[k] denote a r.v. describing the reward received after taking
action a[k] in state s[k] and transitioning to state s[k + 1]; then

r[k] = R
(
s[k],a[k], s[k + 1]

)
I A deterministic policy π is a mapping from S to A, i.e.,
a = π(s), s ∈ S,a ∈ A
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A Primer on Markov Decision Processes

Objective

Given some initial state, s0, we want to find a deterministic policy, π∗, that
maximizes the expected value of the cumulative discounted reward, i.e.,

π∗ = arg max
π

∞∑
k=0

γkE
[
r[k]

∣∣ s[0] = s0

]

Doḿınguez-Garćıa (ECE ILLINOIS) Data-driven Coordination aledan@ILLINOIS.EDU 34 / 32



A Primer on Markov Decision Processes
I The action-value function under policy π is defined as

Qπ(s,a) =

∞∑
k=0

γkE
[
r[k]

∣∣ s[k] = s,a[k] = a;π
]
, s ∈ S, a ∈ A

I The optimal action-value function, Q∗(s,a), s ∈ S,a ∈ A is the
maximum action-value function over all policies, i.e.,

Q∗(s,a) = max
π

Qπ(s,a)

I Q∗(s,a), s ∈ S,a ∈ A, satisfies the following Bellman equation:

Q∗(s,a) = E [r | s,a] + γ
∑
s′∈S
P(s′|s,a) max

a′∈A
Q∗(s′,a′)

I The optimal policy, π∗(s), s ∈ S, is obtained as follows:

π∗(s) = arg max
a

Q∗(s,a)

I The MDP is solved if we find Q∗(·, ·) and the corresponding π∗(·)
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LSPI Algorithm Iteration
I Let wi denote the estimate of w at the beginning of iteration i

I For each transition sample (s,a, r, s′) ∈ D, compute

a′ = arg max
α∈A

w>i φ(s′,α)

I Update the estimate of w as follows:

wi+1 = B−1b

where

B =
∑

(s,a,r,s′)∈D

φ(s,a)
(
φ(s,a)− γφ(s′,a′)

)>
︸ ︷︷ ︸

rank-1 matrix

b =
∑

(s,a,r,s′)∈D

φ(s,a)r
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Timeline

t0 t1 t2

Slow Time-Scale Control

time

Fast Time-Scale Control

I Policy updated every K∆T units of time, e.g., 2 hours

I Updated policy used for tap setting for K time instants
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