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Disturbance response of ideal system

nominal frequency

ROCOF (max rate of change of frequency)

frequency nadir

restoration time

secondary control

inertial 

response
primary control

inter-area 

oscillations

f

1. physical inertia instantly provides decentralized derivative control → Mω̇

2. decentralized primary loops at devices provide proportional control → Dω

3. system-wide secondary loop provides centralized integral control → K
∫
ω dt

≡ disturbance rejection / regulation / integral control
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Disturbance response of real system
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this lecture will focus on the tail
of the curve: secondary control



Steady-state power system balancing
(covered on the board)
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A refined mechanical analogue
(figure adapted from “Power system dynamics visualization . . . ” by F. Milano ’18)
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When secondary control goes wrong . . .

Optimal and Distributed Frequency
Control of Transmission Grids

John W. Simpson-Porco

ECC Tutorial Session, Naples, Italy

July 1, 2019

Response to disturbance of an ideal power system

nominal frequency

ROCOF (max rate of change of frequency)

frequency nadir

restoration time

secondary control

inertial 
response

primary control
inter-area 
oscillations

f

1 Physical inertia instantly provides decentralized derivative control

2 Decentralized primary loops at devices provide proportional control

Disturbance attenuation

3 System-wide secondary loop provides centralized integral control

Disturbance rejection
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Response to disturbance in a real power system
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When secondary frequency control goes wrong . . .

“The missing energy amounts currently to 113 GWh . . . The decrease . . . is

a↵ecting also those electric clocks that are steered by the frequency of the

power system . . . they show currently a delay of close to six minutes.”

–ENTSO-E Press Release
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“The missing energy amounts currently to 113 GWh . . .The decrease . . . is
affecting also those electric clocks that are steered by the frequency of the

power system . . . they show currently a delay of close to six minutes.”

– ENTSO-E press release
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Secondary integral control fundamentals
(covered on the board)
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#1 control objective: power balance
stylized, linearized, lossless, & low-order
swing dynamics + governor control
(all can be extended to detailed models)

θ̇i = ωi

Miω̇i = −Diωi + pi,ref + ui − pi(θ)

pi,ref = net load / generation at bus i

ui = controlled governor power injection

DC power flow pi(θ) =
∑

j Bij(θi − θj)

synchronous steady state

ωi = ωsync ∝
∑

i
(pi,ref + ui) ∀i

→ sync frequency ∝ power imbalance

control objective (simplified for now)
power balance:

∑
i pi,ref + ui = 0

⇔ frequency regulation: ωsync = 0

. . . to be achieved asymptotically
(approximately during transients)

. . .& with robust & simple control
(decentralized or distributed)

main insight: balance objective
∝ ωsync can be measured locally !

→ disturbance rejection via I-control

Power
System

Integral
Control

∆Pref

∆Pu

∆ωωref

-
ωu

disturbance∆ω
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How many integrators?
(covered on the board)
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Further robustness arguments
supporting “at most one integrator”

IEEE New England power grid
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effect of n > 1 decentralized
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presence of measurement errors

(covered on board)
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Recall: fault response & control actions

nominal frequency

ROCOF (max rate of change of frequency)

frequency nadir

restoration time

secondary control

inertial 

response
primary control

inter-area 

oscillations

f

1. physical inertia instantly provides decentralized derivative control

2. decentralized primary loops at devices provide proportional control

3. system-wide secondary loop provides centralized integral control

→ another perspective on the swing equation

M ω̇︸︷︷︸
D

+ Kprimary(ω − ωref)︸ ︷︷ ︸
P

+ Ksecondary

∫ t

0

(ω − ωref) dτ︸ ︷︷ ︸
I

= p(θ)− pref︸︷︷︸
set-point
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Optimal secondary control
(covered on the board)
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#2 control objective: optimality

optimization objective

minimizeu

∑
i
Ji(ui)

subject to
∑

i
pi,ref + ui = 0

generation limits ui ∈ Ui = [ui, ui]
absorbed in differentiable cost

neglected: ramping, network,
area balance constraints, . . .

optimality condition ∃ η s.t. ∇Ji(ui) = η to be enforced by controllers

1. gather & broadcast approach

τ η̇ = −∆ω︸ ︷︷ ︸
central integral action based on global ∆ω

ui = (∇Ji)
−1 (η)︸ ︷︷ ︸

decentralized allocation rule

2. distributed control approach
τi η̇i = −∆ωi −

∑
j
aij(ηi − ηj)︸ ︷︷ ︸

distributed integral action (e.g., consensus)

ui = (∇Ji)
−1 (η)︸ ︷︷ ︸

decentralized allocation rule
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Prototypical gather & broadcast architecture
(figure adapted from John Simpson-Porco)

Hierarchical or distributed coordination

First-order optimality condition: 9� s.t. 8i rJi (�Pref
i ) = �.

How to enforce this equal marginal cost condition?

1 Centralized approach:

⌧ ⌘̇ = ��!meas| {z }
Central integral action

�Pref
i = (rJi )

�1(⌘)| {z }
Allocation rule

2 Distributed approach (consensus version):

⌧i ⌘̇i = ��!i �
nX

j=1

aij(⌘i � ⌘j)

| {z }
Distributed integral action

�Pref
i = (rJi )

�1(⌘i )| {z }
Allocation rule
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Centralized architecture

9 / 16

Distributed architecture

Communication graph has a globally reachable node (nec. & su↵.)
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Distributed vs. centralized
Simulation on New England 39 Bus System1
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1
F. Dörfler and S. Grammatico, “Gather-and-broadcast frequency control in power systems,” Automatica, 2017.
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Prototypical distributed control architecture
(figure adapted from John Simpson-Porco)

Hierarchical or distributed coordination

First-order optimality condition: 9� s.t. 8i rJi (�Pref
i ) = �.

How to enforce this equal marginal cost condition?

1 Centralized approach:

⌧ ⌘̇ = ��!meas| {z }
Central integral action

�Pref
i = (rJi )

�1(⌘)| {z }
Allocation rule

2 Distributed approach (consensus version):

⌧i ⌘̇i = ��!i �
nX

j=1

aij(⌘i � ⌘j)

| {z }
Distributed integral action

�Pref
i = (rJi )

�1(⌘i )| {z }
Allocation rule
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Centralized architecture
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Distributed architecture

Communication graph has a globally reachable node (nec. & su↵.)
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Distributed vs. centralized
Simulation on New England 39 Bus System1
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F. Dörfler and S. Grammatico, “Gather-and-broadcast frequency control in power systems,” Automatica, 2017.
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real-world automatic generation control
(AGC) requires further ingredients



#3 further important real-world objectives
that we sweep under the carpet today

ACE area control error = { frequency error } + { generation - load - tie-line flow }

1
s

centralized integral control
τ η̇(t) = ACE

generation allocation
ui(t) = λi η(t) , where λi is
generation participation factor
(e.g., λi = − ∂

∂η
(∇Ji)

−1 (η))

implementation subject to
dead-band & saturation & often
with proportional control action

detailed dynamics: turbine
dynamics, losses, voltages, . . .

further engineering issues . . .

control

area

remainder

control

areas

P
T

PL

Ptie

      

generation

load

load

generation

tie-line flow

frequency error

1

s

+
ACE

++

-
-

λ1

λ2
u2

u1η

λn
un

AGC implementation
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A few theory references a little closer to
practice . . . everything can be extended

Reexamining the Distributed Slack Bus
Sairaj V. Dhople, Member, IEEE, Yu Christine Chen, Member, IEEE,

Abdullah Al-Digs, Student Member, IEEE, and Alejandro Domı́nguez-Garcı́a, Senior Member, IEEE

On Area Control Errors, Area Injection Errors, and
Textbook Automatic Generation Control

John W. Simpson-Porco, Member, IEEE

A Dynamic Stability and Performance Analysis of
Automatic Generation Control

John W. Simpson-Porco, Member, IEEE
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A plethora of algorithms have emerged . . .
Optimal Distributed Frequency Regulation
A very incomplete literature review

Popular Idea: {Grid Dynamics} [ {Dist. Controller}
= Distributed Online Optimization Algorithm

(many other approaches exist)
3 / 16

common theme: optimization algorithms as distributed feedback controllers
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See recent surveys for (partial) overview
1

A Survey of Distributed Optimization and Control
Algorithms for Electric Power Systems

Daniel K. Molzahn,⇤ Member, IEEE, Florian Dörfler,† Member, IEEE, Henrik Sandberg,‡ Member, IEEE,
Steven H. Low,§ Fellow, IEEE, Sambuddha Chakrabarti,¶ Student Member, IEEE,

Ross Baldick,¶ Fellow, IEEE, and Javad Lavaei,⇤⇤ Member, IEEE

Abstract—Historically, centrally computed algorithms have
been the primary means of power system optimization and con-
trol. With increasing penetrations of distributed energy resources
requiring optimization and control of power systems with many
controllable devices, distributed algorithms have been the subject
of significant research interest. This paper surveys the literature
of distributed algorithms with applications to optimization and
control of power systems. In particular, this paper reviews
distributed algorithms for offline solution of optimal power flow
(OPF) problems as well as online algorithms for real-time solution
of OPF, optimal frequency control, optimal voltage control, and
optimal wide-area control problems.

Index Terms—Distributed optimization, online optimization,
electric power systems

I. INTRODUCTION

CENTRALIZED computation has been the primary way
that optimization and control algorithms have been ap-

plied to electric power systems. Notably, independent system
operators (ISOs) seek a minimum cost generation dispatch
for large-scale transmission systems by solving an optimal
power flow (OPF) problem. (See [1]–[8] for related litera-
ture reviews.) Other control objectives, such as maintaining
scheduled power interchanges, are achieved via an Automatic
Generation Control (AGC) signal that is sent to the generators
that provide regulation services.

These optimization and control problems are formulated
using network parameters, such as line impedances, system
topology, and flow limits; generator parameters, such as cost
functions and output limits; and load parameters, such as an
estimate of the expected load demands. The ISO collects all
the necessary parameters and performs a central computation
to solve the corresponding optimization and control problems.

With increasing penetrations of distributed energy resources
(e.g., rooftop PV generation, battery energy storage, plug-in
vehicles with vehicle-to-grid capabilities, controllable loads

⇤: Argonne National Laboratory, Energy Systems Division, Lemont, IL,
USA, dmolzahn@anl.gov. Support from the U.S. Department of En-
ergy, Office of Electricity Delivery and Energy Reliability under contract
DE-AC02-06CH11357.†: Swiss Federal Institute of Technology (ETH), Automatic Control Labora-
tory, Zürich, Switzerland, dorfler@control.ee.ethz.ch‡: KTH Royal Institute of Technology, Department of Automatic Control,
Stockholm, Sweden, hsan@kth.se§: California Institute of Technology, Department of Electrical Engineering,
Pasadena, CA, USA, slow@caltech.edu¶: University of Texas at Austin, Department of Electrical and Computer En-
gineering, Austin, TX, USA, sambuddha.chakrabarti@gmail.com,
baldick@ece.utexas.edu. Support from NSF grant ECCS-1406894.⇤⇤: University of California, Berkeley, Department of Industrial Engineering
and Operations Research, Berkeley, CA, USA, lavaei@berkeley.edu

providing demand response resources, etc.), the centralized
paradigm most prevalent in current power systems will poten-
tially be augmented with distributed optimization algorithms.
Rather than collecting all problem parameters and performing
a central calculation, distributed algorithms are computed
by many agents that obtain certain problem parameters via
communication with a limited set of neighbors. Depending on
the specifics of the distributed algorithm and the application of
interest, these agents may represent individual buses or large
portions of a power system.

Distributed algorithms have several potential advantages
over centralized approaches. The computing agents only have
to share limited amounts of information with a subset of
the other agents. This can improve cybersecurity and reduce
the expense of the necessary communication infrastructure.
Distributed algorithms also have advantages in robustness with
respect to failure of individual agents. Further, with the ability
to perform parallel computations, distributed algorithms have
the potential to be computationally superior to centralized
algorithms, both in terms of solution speed and the maxi-
mum problem size that can be addressed. Finally, distributed
algorithms also have the potential to respect privacy of data,
measurements, cost functions, and constraints, which becomes
increasingly important in a distributed generation scenario.

This paper surveys the literature of distributed algorithms
with applications to power system optimization and control.
This paper first considers distributed optimization algorithms
for solving OPF problems in offline applications. Many dis-
tributed optimization techniques have been developed con-
currently with new representations of the physical models
describing power flow physics (i.e., the relationship between
the complex voltage phasors and the power injections). The
characteristics of a power flow model can have a large impact
on the theoretical and practical aspects of an optimization
formulation. Accordingly, the offline OPF section of this
survey is segmented into sections based on the power flow
model considered by each distributed optimization algorithm.
This paper then focuses on online algorithms applied to
OPF, optimal voltage control, and optimal frequency control
problems for real-time purposes.

Note that algorithms related to those reviewed here have
found a wide variety of power system applications in dis-
tributed optimization and control. See, for instance, surveys
on the large and growing literature relevant to distributed
optimization of electric vehicle charging schedules [9] and
demand response applications [10] as well as work on dis-
tributed solution of multi-period formulations for model pre-

0885-8993 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2019.2951694, IEEE
Transactions on Power Electronics

On the Secondary Control Architectures of AC
Microgrids: An Overview
Yousef Khayat, Qobad Shafiee, Senior Member, IEEE,

Rasool Heydari, Mobin Naderi, Tomislav Dragicevic, Senior Member, IEEE, John W. Simpson-Porco,
Member, IEEE, Florian Dörfler, Member, IEEE, Mohammad Fathi, Frede Blaabjerg, Fellow, IEEE, Josep M.

Guerrero, Fellow, IEEE, and Hassan Bevrani, Senior Member, IEEE

Abstract—Communication infrastructure (CI) in microgrids
(MGs) allows for the application of different control architectures
for the secondary control (SC) layer. The use of new SC
architectures involving CI is motivated by the need to increase
MG resilience and handle the intermittent nature of distributed
generation units (DGUs). The structure of secondary control is
classified into three main categories including centralized SC
(CSC) with a CI, distributed SC (DISC) generally with a low
data rate CI, and decentralized SC (DESC) with communication-
free infrastructure. To meet the MGs operational constraints
and optimize performance, control and communication must
be utilized simultaneously in different control layers. In this
survey, we review and classify all types of SC policies from
CI based methods to communication-free policies, including:
CSC, averaging based DISC, consensus-based DISC methods,
containment pinning consensus, event-triggered DISC, washout-
filter based DESC, and state-estimation based DESC. Each
structure is scrutinized from the view point of the relevant
literature. Challenges such as clock drifts, cyber-security threats,
and the advantage of event-triggered approaches are presented.
Fully decentralized approaches based on state-estimation and ob-
servation methods are also addressed. Although these approaches
eliminate the need of any CI for the voltage and frequency
restoration, during black start process or other functionalities
related to the tertiary layer a CI is required. Power hardware-
in-the-loop (PHiL) experimental tests are carried out to compare
the merits and applicability of the different SC structures.

Index Terms—Centralized control, decentralized control, dis-
tributed control, communication-free control, event-triggered
control, microgrids, secondary control.

I. INTRODUCTION

CONTROL objectives in islanded MGs are fulfilled by a
hierarchical control platform to set the FaV amplitudes

to desired values. PC, SC, and TC are the main control

Y. khayat, R. Heydari, T. Dragicevic, F. Blaabjerg, and J. M. Guerrero
are with the Department of Energy Technology, Aalborg University, Aalborg,
DK, 9220, Denmark (e-mail: ykh@et.aau.dk, rah@et.aau.dk, tdr@et.aau.dk,
fbl@et.aau.dk, joz@et.aau.dk).

Q. Shafiee, M. Naderi, M. Fathi, and H. Bevrani are with the Department of
Electrical Engineering, University of Kurdistan, Sanandaj, 66177-15175, Iran.
(e-mail: q.Shafiee@uok.ac.ir, m.naderi@eng.uok.ac.ir, mfathi@uok.ac.ir, and
bevrani@uok.ac.ir).

J. W. Simpson-Porco is with the Department of Electrical and Computer
Engineering, University of Waterloo, Waterloo, ON N2L 3G1, Canada (e-mail:
jwsimpson@uwaterloo.ca).

F. Dörfler is with the Department of Information Technology and Electrical
Engineering, ETH Zurich, 8092 Zürich, Switzerland (e-mail: dorfler@ethz.ch).

This work was funded by a Villum Investigator grant (no. 25920) at the
Department of Energy Technology, Aalborg University as a part of the Villum
Investigator Program funded by the Villum Foundation.

NOMENCLATURE

MG Microgrid
CI Communication infrastructure
DGU Distributed generation unit
CSC Centralized secondary control
DISC Distributed secondary control
DESC Decentralized secondary control
MGCC Microgrid central controller
PnP Plug and play
ETC Event-triggered control
IR Inertial response
PC Primary control
SC Secondary control
EC Emergency control
AGC Automatic generation control
TC Tertiary control
FaV Frequency and voltage
LPF Low-pass filter
MAS multi-agent system
BW bandwidth
PCC Point of common coupling
LBCL Low bandwidth communication link
SoC State of charge
PHiL Power hardware-in-the-loop

Variables:
GLPF Transfer function of the low-pass filter
!⇤ Nominal frequency of the system
v⇤ Nominal Voltage of the system
!c Cut-off frequency of LPF
s Laplace variable
↵ij coupling strength between adjacent DGUs
�ui Correction term forwarded from SC
K Control gain matrix or gain
xi(t) State variable
N Number of MG’s DGUs
G MG’s communication digraph

layers which are introduced achieve stability and performance
requirements [1]–[4].

The first control layer in the hierarchical control platform is
the decentralized PC layer, typically consisting of inner current
and voltage control loops, a virtual impedance loop, and a
droop mechanism controller. Stabilization of the system’s FaV
amplitudes and power sharing between units are the main
control objectives in the PC layer. The FaV stabilization is
generally achieved by current and voltage control loops, and
power sharing is achieved by the droop control mechanism.
Voltage and current loops can also be embedded in a single
controller, which can dramatically improve the dynamic per-
formance of the system [5]. The virtual impedance loop as an
optional loop acts in MGs with mismatched inductive/resistive
feeder impedance, to enhance the power quality and power

. . . see Stegink, Andreasson, Tegling, Mallada, Simpson-Porco, . . .

∼ 3 categories : primal-dual methods, distributed consensus-based
averaging, gather & broadcast (including AGC)
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Motivation: from social welfare to competitive markets

social welfare dispatch

min
u

∑
i
Ji(ui)

s.t.
∑

i
pi,ref + ui = 0

η

power

η⋆

∑
i
pi,ref

∑
i
J ′

i
−1

(η)

local (!) =⇒

measurable (!) =⇒

competitive spot market
1. given a prize η, player i bids

u⋆
i = argmin

ui ∈Ui

{Ji(ui)− ηui} = (∇Ji)
−1 (η)

2. market clearing prize η⋆ from
0 =

∑
i Pi + u⋆

i =
∑

i pi,ref + (∇Ji)
−1 (η⋆)

auction (dual ascent)

1. local best response for given prize:
u+
i = argmin

ui ∈Ui

{Ji(ui)− ηui} = (∇Ji)
−1 (η)

2. update prize of constraint violation:
η+ = η − ϵ

(∑
i pi,ref + u+

i

)
= η − ϵ̃ · ωsync
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now we take the continuous limit ϵ → 0



Gather & broadcast control

1. η = aggregate integral of
averaged measurements

k η̇ = −
∑

i
Ci ∆ωi

where Ci ≥ 0 and k > 0

2. ui = local best response

ui = (∇Ji)
−1 (η)

Hierarchical or distributed coordination

First-order optimality condition: 9� s.t. 8i rJi (�Pref
i ) = �.

How to enforce this equal marginal cost condition?

1 Centralized approach:

⌧ ⌘̇ = ��!meas| {z }
Central integral action

�Pref
i = (rJi )

�1(⌘)| {z }
Allocation rule

2 Distributed approach (consensus version):

⌧i ⌘̇i = ��!i �
nX

j=1

aij(⌘i � ⌘j)

| {z }
Distributed integral action

�Pref
i = (rJi )

�1(⌘i )| {z }
Allocation rule

8 / 16

Centralized architecture

9 / 16

Distributed architecture

Communication graph has a globally reachable node (nec. & su↵.)
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Distributed vs. centralized
Simulation on New England 39 Bus System1
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1
F. Dörfler and S. Grammatico, “Gather-and-broadcast frequency control in power systems,” Automatica, 2017.
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special case is automatic generation control AGC :

single frequency measurement Ci =

{
1 if i = i∗

0 otherwise

quadratic cost Ji(ui) =
1
2
aiu

2
i → ui = (∇Ji)

−1 (η) = 1
ai︸︷︷︸

participation factor

ηi
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Effect of cost function on control allocation
(covered on the board)
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Effect of nonlinear frequency response curves
case study: IEEE 39 New England system
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Closed-loop stability analysis
(covered on the board)
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Details & initial condition for further reading

Gather-and-broadcast frequency control in power systems✩

Florian Dörfler a, Sergio Grammatico b

a Automatic Control Laboratory, Swiss Federal Institute of Technology (ETH) Zürich, 8092, Switzerland
b Department of Electrical Engineering, Eindhoven University of Technology, 5612 AJ, The Netherlands

Analysis and Synthesis of Low-Gain Integral
Controllers for Nonlinear Systems with Application

to Feedback-Based Optimization
John W. Simpson-Porco, Member, IEEE
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!
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Distributed averaging-based integral control
also known as DAI, DAPI, distributed integral action, consensus filter, . . .

recall optimality condition ∃ η s.t. ∇Ji(ui) = η as starting point for design

recall distributed averaging η̇i =
∑

j aij(ηi − ηj)
t→∞−→

{
ηi = ηj ∀i, j

}

distributed averaging integral control approach:

τi η̇i = −ki∆ωi −
∑

j
aij(ηi − ηj)︸ ︷︷ ︸

distributed integral action

ui = (∇Ji)
−1 (η)︸ ︷︷ ︸

decentralized allocation rule

= distributed averaging of marginal costs ηi = ∇Ji(ui) ∼ optimality
+ integration of average frequency d

dt

∑
i τiηi =

∑
i ki∆ωi ∼ balance

+ decentralized allocation as in gather & broadcast
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Distributed averaging-based integral control
(figure adapted from John Simpson-Porco)

Hierarchical or distributed coordination

First-order optimality condition: 9� s.t. 8i rJi (�Pref
i ) = �.

How to enforce this equal marginal cost condition?

1 Centralized approach:

⌧ ⌘̇ = ��!meas| {z }
Central integral action

�Pref
i = (rJi )

�1(⌘)| {z }
Allocation rule

2 Distributed approach (consensus version):

⌧i ⌘̇i = ��!i �
nX

j=1

aij(⌘i � ⌘j)

| {z }
Distributed integral action

�Pref
i = (rJi )

�1(⌘i )| {z }
Allocation rule
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Centralized architecture
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Distributed architecture

Communication graph has a globally reachable node (nec. & su↵.)
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Distributed vs. centralized
Simulation on New England 39 Bus System1
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1
F. Dörfler and S. Grammatico, “Gather-and-broadcast frequency control in power systems,” Automatica, 2017.
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Closed-loop stability analysis
(covered on the board)
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Details & initial condition for further reading
a lot(!) of work has been done on this topic

On Stability of Distributed-Averaging Proportional-Integral Frequency
Control in Power Systems

John W. Simpson-Porco

!"#$%"&'$()*+,-$%,.*,/*0,1(%*-($1,%2#!!
!

"#$$%&%'()!*+'%,#-%'(!#./!0.012(!34.5'%*.$!!
!

Synchronization and power sharing for droop-controlled inverters in
islanded microgrids✩

John W. Simpson-Porco 1, Florian Dörfler, Francesco Bullo
Center for Control, Dynamical Systems, and Computation, University of California, Santa Barbara, CA 93106, USA

A Lyapunov approach to control of microgrids
with a network-preserved differential-algebraic model

Claudio De Persis Nima Monshizadeh Johannes Schiffer Florian Dörfler

Distributed vs. Centralized Power Systems
Frequency Control

Martin Andreasson12 , Dimos V. Dimarogonas1, Karl H. Johansson1 and Henrik Sandberg1

∗ACCESS Linnaeus Center, KTH Royal Institute of Technology, Stockholm, Sweden.

On the Secondary Control Architectures of AC
Microgrids: An Overview
Yousef Khayat, Qobad Shafiee, Senior Member, IEEE,

Rasool Heydari, Mobin Naderi, Tomislav Dragicevic, Senior Member, IEEE, John W. Simpson-Porco,
Member, IEEE, Florian Dörfler, Member, IEEE, Mohammad Fathi, Frede Blaabjerg, Fellow, IEEE, Josep M.

Guerrero, Fellow, IEEE, and Hassan Bevrani, Senior Member, IEEE

A Survey of Distributed Optimization and Control
Algorithms for Electric Power Systems

Daniel K. Molzahn,∗ Member, IEEE, Florian Dörfler,† Member, IEEE, Henrik Sandberg,‡ Member, IEEE,
Steven H. Low,§ Fellow, IEEE, Sambuddha Chakrabarti,¶ Student Member, IEEE,

Ross Baldick,¶ Fellow, IEEE, and Javad Lavaei,∗∗ Member, IEEE

Stability and Optimality of Distributed Secondary

Frequency Control Schemes in Power Networks
Andreas Kasis, Nima Monshizadeh, Eoin Devane, and Ioannis Lestas

Robustness of distributed averaging control in power systems:
Time delays & dynamic communication topology✩

Johannes Schiffer a, Florian Dörfler b, Emilia Fridman c,d

a School of Electronic & Electrical Engineering, University of Leeds, LS2 9JT, United Kingdom
b Automatic Control Laboratory, Swiss Federal Institute of Technology (ETH) Zürich, 8092, Switzerland
c Tel Aviv University, Tel Aviv 69978, Israel
d ITMO University, 49 Avenue Kronverkskiy, 197101 Saint Petersburg, Russia
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Comparison of different control strategies
case study: IEEE 39 New England system
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(idealized) decentralized
integral control

distributed averaging
integral (DAI) control

gather-and-broadcast
integral control

gather-and-broadcast is comparable to DAI with much less communication
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Primal dual control approaches
(covered on the board)
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Details & initial condition for further reading

Optimal Load-Side Control for Frequency
Regulation in Smart Grids

Enrique Mallada , Member, IEEE, Changhong Zhao , Member, IEEE, and Steven Low , Fellow, IEEE

Connecting Automatic Generation Control and

Economic Dispatch From an Optimization View
Na Li, Member, IEEE, Changhong Zhao, Member, IEEE, and Lijun Chen, Member, IEEE

!"#$%& '&( )*'+$,$*- ./ 0.'(1)$(" 23$4'3-

53"67"&8- 9.&*3., $& 2.:"3 )-#*"4#
9;'&%;.&% <;'.! "#$%&'# (&)*&+! ,---= >/7? @.A87! (&)*&+! ,---= B' 0$! (&)*&+! ,---= '&(
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A real-time control framework for smart power networks: Design
methodology and stability✩

Xuan Zhang 1, Antonis Papachristodoulou
Department of Engineering Science, University of Oxford, Parks Road, Oxford, OX1 3PJ, United Kingdom
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Comparison studiesHow do they perform ?
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distributed primal-dual
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t(s)

gather & broadcast
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distributed averaging

• small test case (n = 5)
excited by noise

• plots show control
performance over time

• apparently, they all
behave very di↵erently

! this paper : closer
investigation via H2

performance analysis

4 / 10

▶ synthetic test case (n = 5),
acyclic, heterogeneous, &
excitation via white noise

▶ plots show control costs Ji(ui)
(similar plots for frequencies ωi)

▶ distributed primal-dual has worst
variance & performs even worse
when adding ω feedback

▶ similar performance of distributed
averaging & gather & broadcast

▶ results supported by analytic
H2-norm calculations; see
“Quadratic Performance Analysis
of Secondary Frequency
Controllers” by Poolla et al.

45 / 1



Unifying optimal steady-state control
L. Lawrence, JWSP, E. Mallada “Linear-convex optimal steady-state control”

Hierarchical or distributed coordination contd.

3 Distributed approach (primal-dual version) uses

virtual phase angles ✓̂

virtual flow on line ` = (i , j) as p̂` = T`(✓̂i � ✓̂j)

minimize
Xn

i=1
Ji (�Pref

i ) + 1
2Di (�!i )

2

subject to �Pu,i + �Pref
i � Di�!i =

X
j
Ai`p̂`

�Pu,i + �Pref
i =

X
j
Tij(✓̂i � ✓̂j)

Now apply primal-descent and dual-ascent to Lagrangian L

Primal dynamics: Embeds natural system dynamics

Dual dynamics: Distributed control

12 / 16

Primal-dual method
Simulation on New England 39 Bus System2

2
E. Mallada and C. Zhao and S. Low, “Optimal Load-Side Control for Frequency Regulation . . . ,” IEEE TAC, 2017.
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Unifying perspective: Optimal Steady-State Control3

Plant
Optimality

Model
Stabilizing
Controller

Integral
Control

ymu

w

⌘

✏
⇠

uom

Optimality Model: creates optimality error signal ✏

Integral Control: integrates error ✏

Stabilizing Controller: stabilizes closed-loop system

3
L. Lawrence, JWSP, E. Mallada “Linear-convex optimal steady-state control,” TAC, Submitted.
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Practical challenges
We have discussed structural and architectural aspects, but . . .

1 Dynamic models are highly uncertain and time-varying

Device models often either unknown or not maintained

High-order governor models, deadbands, saturation all important

Machines dispatched in and out of system every ⇡ 15 mins

Load characteristics change dramatically day-to-day

Even DC gain (��1) of system can vary by a factor of 2–3!

Possible approach: data-driven + gain-scheduled methods

2 Communication infrastructure challenges

If it ain’t broke, don’t upgrade it

High-bandwidth control over comm. channels perceived as risky

15 / 16

optimality model creates error signal ϵ (e.g., mismatch in marginal costs)

integral control integrates error ϵ (e.g., distributed averaging-based PI)

stabilizing controller stabilizes closed-loop system (plant + optimization)
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Outline



note: microgrids are much simpler than power systems & slightly
hypothetical

→ everything is open game



Conventional power systems control hierarchy

Power System

3. Tertiary control (offline)
– goal: optimize operation
– architecture: centralized & forecast
– strategy: scheduling (OPF)

2. Secondary control (slower)
– goal: maintain operating point
– architecture: centralized
– strategy: I-control (AGC)

1. Primary control (fast)
– goal: stabilization & load sharing
– architecture: decentralized
– strategy: P-control (droop)

Is this top-to-bottom architecture
from conventional transmission grids

appropriate in tomorrow’s microgrids ?
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Plug’n’play architecture
flat hierarchy, distributed, no time-scale separations, & model-free

source # 1
…
…
…

Power System

source # nsource # 2

Secondary

Control

Tertiary

Control

Primary

Control

Transceiver

Secondary

Control

Tertiary

Control

Primary

Control

Transceiver

Secondary

Control

Tertiary

Control

Primary

Control

Transceiver
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approach from an optimal
energy routing perspective



Energy management
as offline resource allocation & scheduling problem
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Energy management
as offline resource allocation & scheduling problem

minimize {cost of generation, losses, . . .}
subject to

physical constraints:
equality constraints: power balance equations

operational constraints:
inequality constraints: flow/injection/voltage constraints
logic constraints: commit generators yes/no

...
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The optimal dispatch / balancing problem
dispatch generation: minui ∈Ui

∑
i
Ji(ui)︸ ︷︷ ︸

generation cost

subject to
∑

i
pi,ref + ui = 0︸ ︷︷ ︸

load = generation

1. primal feasibility = imbalance:
∑

i p
i,ref + ui = 0 ∼ ωsync (measurable)

2. identical marginal costs at optimality: J ′
i(ui) = J ′

j(uj) ∀i, j (consensus)

distributed averaging as seen from optimization algorithm perspective:
1. dual update on violation:

λ+ = λ+
1

k
· ωsync

2. consensus on xi = J ′
i(ui):

x+
i = xi +

∑
j∈neighbors

aijxj

⇒ altogether in real-time: kiλ̇i = θ̇i︸ ︷︷ ︸
local dual update

−
∑

j∈neighbors
aij

(
J ′
i(ui)− J ′

i(ui)
)

︸ ︷︷ ︸
distributed consensus (comm-based)⇒ inject ui(t) = λi(t)
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Plug’n’play architecture

power
system
physics:
power flow
& devices

}

Diθ̇i =P ref
i − Pi − λi

λiθ̇i

}
droop control:
trade off
power injections
& frequency
or voltage

θ̇iPi

Pi =
∑

j
BijEiEj sin(θi − θj) + GijEiEj cos(θi − θj)

Qi = −
∑

j
BijEiEj cos(θi − θj) + GijEiEj sin(θi − θj)

kiλ̇i = θ̇i −
∑

j∈neighbors

aij (J ′
i(ui) − J ′

i(ui))

}
secondary &
tertiary control:
integral errors &
diffusive averaging

J ′
i(ui)

. . .
J ′

i(ui)

. . .

J ′
k(uk) J ′

j(uj)
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Plug’n’play architecture
similar control strategies for voltage magnitude

power
system
physics:
power flow
& devices

}

Diθ̇i =P ref
i − Pi − λi

τiĖi =−CiEi(Ei − E∗
i ) − Qi − ei

λiθ̇i

}
droop control:
trade off
power injections
& frequency
or voltage

Qi Eiθ̇iPi

eiQi

Pi =
∑

j
BijEiEj sin(θi − θj) + GijEiEj cos(θi − θj)

Qi = −
∑

j
BijEiEj cos(θi − θj) + GijEiEj sin(θi − θj)

kiλ̇i = θ̇i −
∑

j∈neighbors

aij (J ′
i(ui) − J ′

i(ui))

κiėi = −
∑

j ⊆ neighbors

aij ·
(

Qi

Qi

− Qj

Qj

)
−εei

}
secondary &
tertiary control:
integral errors &
diffusive averaging

J ′
i(ui)

Qi/Qi

. . .

. . .

J ′
i(ui)

. . .

. . .

J ′
k(uk)

Qk/Qk

Qj/Qj

J ′
j(uj)

Qj/Qj
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Experimental validation
in collaboration with Q. Shafiee & J.M. Guerrero @ Aalborg University
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Recall: decentralized integral control

fully decentralized integral control
τi η̇i = −∆ωi

ui = (∇Ji)
−1 (η)

discarded due to lack of robustness
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Patch: leaky decentralized integral control

→ leaky decentralized integral control
τi η̇i = −∆ωi −Kη

ui = (∇Ji)
−1 (η)

or lag element or low-pass filter

0 20 40 60 80

Time (s)

59.6

59.7

59.8

59.9

60

F
re

q
u

en
cy

 (
H

z)

no noise

noisy

0 20 40 60 80

Time (s)

-50

0

50

100

150

P
o

w
e
r 

(M
W

)

↑ no noise noise ↓

0 20 40 60 80

Time (s)

-50

0

50

100

150

P
o

w
e
r 

(M
W

)

54 / 1



Leaky integral control can achieve all
desired specifications approximately

(covered on the board)
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Details & initial condition for further reading

57 / 1


