
 

Limitations in the design of ancillary service markets imposed
by communication network delays
Citation for published version (APA):
Hermans, R. M., Jokic, A., Bosch, van den, P. P. J., Frunt, J., Kamphuis, I. G., & Warmer, C. J. (2010).
Limitations in the design of ancillary service markets imposed by communication network delays. In Proceedings
of the 7th IEEE International Conference on the European Energy Market (EEM 2010), 23-25 June 2010,
Madrid, Spain (pp. 1-6). Institute of Electrical and Electronics Engineers.
https://doi.org/10.1109/EEM.2010.5558671

DOI:
10.1109/EEM.2010.5558671

Document status and date:
Published: 01/01/2010

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1109/EEM.2010.5558671
https://doi.org/10.1109/EEM.2010.5558671
https://research.tue.nl/en/publications/33abb629-828e-4fcc-8fa2-e929f90eeada


Limitations in the design of ancillary service markets 
imposed by communication network delays 

R. M. Hermans Student Member, IEEE, A. Jokie, Member, IEEE, P. P. J. van den Bosch, Member, IEEE, 
J. Front, Student Member, IEEE, I. G. Kamphuis, and C. J. Warmer 

Abstract-Real-time balancing of the European electricity grid 
will become increasingly dependent on market-based control 
mechanisms that are enabled by connecting millions of prosumers 
to an open communication network. The use of communication 
systems inevitably introduces delays in the energy balancing con
trol loop, which could endanger market operation and stabilit� of 
the electricity grid. By investigating the interaction between prlce
based control algorithms for real-time balancing and information 
and communication technology, we aim to provide systematic 
design rules for unrestricted ancillary service markets. 

Index Terms-ancillary services, real-time balancing, price
based control, two-sided markets, decentralized solutions, smart
grid technologies 

I. INTRODUCTION 

A
N important prerequisite f�r r

.
eliable and sta?le operation 

of the electrical power gnd IS that generatIOn and load 
are balanced at all time, as efficient ways of storing electrical 
energy do not yet exist. Conventionally, real-time balancing 
(or load-frequency control) is implemented by directly adjust
ing centralized, large-scale supply to fluctuations in demand. 
Today however, the share of electricity generated by large 
power plants is decreasing significantly, as the electrical power 
network is subject to a growing penetration of distributed gen
eration (DG). As a result, centralized control of the electricity 
grid is becoming increasingly difficult, which motivates the 
need for new, distributed balancing arrangements. 

In the deregulated European electrical energy network, real
time balancing and noncentralized decision making is likely 
to be implemented via open markets for ancillary services 
(AS), see for instance [1], [2]. Effective operation of these 
markets, and hence a stable operation of the grid, requires 
every market player to be connected to an open communi
cation infrastructure over which price signals and bids can 
be transmitted. However, the use of communication systems 
inherently introduces constant or time-varying delays in the 
control loop, which could endanger market operation and 
stability of the electricity grid. Although the effects of time 
delays on load-frequency control have been studied before 
(see e.g., [3]-[6] and the references therein), most of these 
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articles focus on direct, i.e., power-based, control of large
scale supply. To the best of our knowledge, the first steps 
in analyzing the consequences of communication delays on 
power system stability in the presence of market-based bal
ancing arrangements were made only recently, in [6]. Therein 
an upper bound on the market clearing time and price signal 
delay is computed beyond which a time-discretized version 
of the single-supplierlsingle-consumer power-market model 
proposed in [7] becomes unstable. The results in [6] indicate 
that the impact of communication delays on the dynamic 
behavior of the power market can be significant and counter
intuitive, and should therefore be anticipated by proper design 
of balancing arrangements and market regulations. 

In this paper we continue in the direction of [6], by 
investigating the limitations imposed by delays on large-scale 
ancillary service markets for real-time balancing. In contrast to 
the modeling employed in [6], we consider multiple (clusters 
of) generators that are subject to different communication 
delays originating from a hierarchical tree communication 
network. The choice for this particular model is motivated 
by the expectation that future information and communication 
technology (lCT) will enable every prosumer, i.e., hundreds 
of millions commercial or domestic parties fulfilling both 
the role of producer and consumer, to be connected to a 
near-real-time spot market by exploiting scalable network 
structures. Examples of these ICT architectures (or multi
agent algorithms for distributed optimization) that are being 
developed today, are the PowerMatcher concept (see e.g., [8], 
[9]), and the smart-meter platforms developed as part of the 
InovGrid (see e.g, [10]) and FENIX projects (see e.g, [11]), 
to name just a few. 

A static bid mechanism is taken as starting point, to show 
that delays can destabilize the power-market feedback loop 
even in the presence of infinitely fast dynamics. The incentives 
for participating in ancillary service arrangements should be 
designed in such a way that rational behavior of prosumers 
and market agents reinforces the integrity of the future power 
grid as a whole, even in the presence of delays. Therefore, 
we attempt to deduce maximum-delay specifications that 
smart-meter communication platforms should comply with 
to contribute to robust power balancing and efficient market 
operation. 

By investigating the interaction between price-based control 
algorithms for real-time balancing and ICT, we aim to provide 
systematic design rules for unrestricted smart-meter-based an
cillary service markets. Efficiently designed ICT-driven market 
mechanisms could become a valuable tool for efficient real
time balancing and for ensuring stable operation of the future 
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Fig. I. General market -based power system balancing scheme that is subject 
to communication delays. 

electrical grid as a whole. Moreover, they could alleviate the 
need for investments in transmission infrastructure, as well as 
in local sources for ancillary service, such as units for storing 
electricity. 

II. MODEL AND ASSUMPTIONS 

A schematic overview of a multi-prosumer 
(producer/consumer) market-based control loop for real
time imbalance management is shown in Fig. 1. The purpose 
of this feedback scheme is to maintain the balance between 
supplied and demanded energy by employing a time-varying 
spot price ..\(t) [€/MW] for electrical power. Most of the 
near-real-time markets establish this price through frequently 
updated auctions. In these markets, there is a natural 
tendency towards further increasing the frequency of price 
updates, in order to achieve greater economic efficiency and 
increased robustness with respect to unpredictable fluctuations 
originating from intermittent and uncontrollable, i.e., price
inelastic, sources such as sun and wind. To analyze some 
of the issues related to real-time delayed market response 
in future power systems, we approximate the periodically 
updated price by a continuous-time signal. The corresponding 
differential equations for imbalance power, energy and price, 
based on the model presented in [7], are given below. 

Let M denote the set of generators {l, 2, . . .  , M} in the 
network and let PO,m(t), Pdt) [MW] be the power produced 
by generator m E M and the total power demand at time 
t [s], respectively. The energy imbalance E(t) [MWh] in the 
network at time t is defined as the time integral of the 
difference between the total generated and the total demanded 
power, i.e., 

E(t) = L PO,m(t) - Pdt). (1) 
mEM 

For simplicity and without loosing generality, we assume 
that all generators are price sensitive, whereas the load is 
assumed to be completely price inelastic. Price-sensitive loads 
and price-insensitive generators (such as photovoltaic sources 
and wind turbines) can still be included in (1), by modeling 
them as negative generation or negative load, respectively. In 
interpreting (1), it is important to stress the difference between 

consumption and demand. With demand we refer to the desired 
amount of power consumption, which is consumed if the 
network frequency and voltage equal their nominal values. The 
actual consumption however, i.e., the usage of power at the 
actual system frequency and voltage, is always balanced with 
generation as a result of the law of conservation of energy (if 
network losses are neglected). So, by considering demand in
stead of actual consumption, the notion of imbalance becomes 
well-defined, and balancing becomes a control problem. 

The power required for balancing, i.e. PAS (t) [MW], is 
determined by an integral feedback control law on E, given 
by 

FAS(t) = -keE(t), (2) 

where the time constant �c' with ke > 0, determines the 
controller's dynamics. Note that in real power systems, it is 
impossible to measure power and energy imbalance directly. In 
practice E can be assessed nonetheless, as it is proportionally 
related to the deviation of network frequency with respect to 
its nominal value, which is directly measurable at any location 
in the system. 

In the deregulated electrical grid, power production units are 
owned and controlled by a large number of market players that 
compete for supply and demand of electrical energy under 
supervision of a transmission system operator (TSO). The 
TSO, who is responsible for ensuring reliable operation of 
the electricity grid, is unable to adapt production according to 
(2) directly. Instead, it should provide appropriate incentives 
for maintaining the network balance, in such a way that 
rational behavior of the market players leads to stable network 
operation. Many European TSOs have therefore established 
an intraday market for ancillary service, on which they act 
as single buyer of balancing power. On this market, requests 
for PAS(t) are translated into spot prices for balancing power 
..\(t) [€/MW] through a predetermined aggregated bid/supply 
function s(·), i.e., 

..\(t) = S(PAS(t)). (3) 

The aggregated market supply curve s(·) is constructed by 
"horizontally adding" the bid curves of individual market 
players. Hence, (3) can be rewritten as 

PAS(t) = S-l(..\(t)) = L S�l(..\(t)), (4) 
mEM 

where the individual inverse bid curves that specify how much 
power a supplier m E M wants to produce against market 
price ..\, are represented by s�l(..\). 

It is assumed that the supply functions are affine, increasing 
functions of the produced power, i.e., sm(PO,m) = amPO,m + 
bm, m E M, and hence s(PAS) = aPAS +b, where am, a> 0. 

Then, the differential equation describing the evolution of the 
ancillary service spot price is given by 

. ds(PAs) . 
..\(t) = dPAs 

PAS = -akeE =: -kEE, (5) 

where the inverse time constant kE := ake > ° determines the 
dynamics of the price update. It can be shown that feedback 
law (5) is not sufficient to stabilize the closed-loop system 



depicted in Fig.!. Therefore, in [12] a modified, damped price
update relation is employed, i.e., 

(6) 

which, for appropriately chosen damping coefficient k>.. > 0, 

results in a stable balancing system. 
Rational behavior of price-sensitive suppliers with time 

constant TO (that cannot exercise market power) is modeled 
as 

ToFo,m(t) = A(t) - sm(PO,m(t)) 
= A(t) - amPO,m(t) - bm, (7) 

for m E M. Thus, market parties increase their power 
output PO,m [MW] if A (taken as an exogeneous quantity) 
exceeds their marginal cost sm(PO,m). The corresponding 
market equilibrium is attained when the market price equals 
marginal costs. 

For more information on the assumptions and limitations of 
the model presented above, the interested reader is referred to 
[7], [13]. 

A. Communication delays 
Many of the smart-meter platforms for real-time price

driven balancing that are under development today, exploit 
communication over tree-structured networks such as the one 
shown in Fig. 2 (see e.g., [8], [9] for more details). These net
works provide a scalable and distributed way of coordinating 
large numbers of dispersed generators and demand response 
units, whereas their ordered topology facilitates the integration 
into hierarchical market structures. 

Tree-structured communication networks are characterized 
by a central root node (at the top of the hierarchy) that is 
connected to the nodes in the last-but-one highest level of 
the hierarchy. The nodes on this second level of the tree are 
connected to nodes on the third level, and so forth. Let the 
levels of the tree be denoted by n E N := {I, 2, . . .  , N}, 
where the top root is the only node present in the O-th level. 
Each node of the communication network corresponds to 
either a price-sensitive generator/load or a market aggregator 
(see [8], [9]), whereas the market-based feedback control 
law, i.e., the price-forming mechanism described by (6), is 
implemented in the root node. Assuming that the transmission 
of a message between two connected nodes in the n-th and 
(n - 1 )-th level takes exactly Tc seconds, the time needed for 
price signals generated by the root node to reach a level-n node 
will be nTc [s]. Hence, the delay-based clustering of generators 
shown in Fig. 1 directly coincides with the hierarchy defined 
by the communication network, i.e., all generators at the n
th level of the network are lumped in supply cluster n and 
receive a price signal that is delayed by dn := nTc seconds. 
Introducing the price signal delay in (7) yields supply cluster 
dynamics 

ToFs,n(t) = A(t - dn) - an(PS,n), (8) 

where PS,n and an(PS,n) := anPS,n(t) - f3n with an > 0 

represent the total power production and the aggregated supply 
function of all generators in supply cluster n E N, respec
tively. 

Fig. 2. A hierarchical tree-based communication architecture for exchanging 
bids or price signals. 

III. STABILITY ANALYSIS 

As algebraic stability analysis of the delayed balancing 
scheme described in Section II can be tedious, we introduce a 
number of assumptions to obtain a simplified power-market 
model for which the closed-loop stability criteria can be 
assessed analytically. 

A. Linear Feedback-Loop Model 
Consider a power system in which the generators respond 

sufficiently fast to the delayed price signal A(t-dn) (according 
to (8», to be able to approximate their dynamics by the static 
equilibrium equation 

A(t - dn) = an(PS,n(t)) 
=} PS,n(t) = a;;-l(A(t - dn)) (9) 

without changing the model significantly. This is the case if 
TO « k1).., and could be a realistic model of a network in which 
a large share of electrical energy is produced by fast distributed 
sources such as (car) batteries and combined heat and power 
generation (CHP). Moreover, let the supply functions of all 
clusters be linear, such that the simplified balancing model is 
given by (1), (6) and (9), where an(PS,n) := anPS,n for all 
nEN. 

We start by analyzing the balancing scheme in the absence 
of delays, i.e., dn = 0 for all n E N. The open-loop frequency 
response of the corresponding simplified balancing scheme is 
given by 

QkE. 
L(' ) k).. K (10) JW = 

jw(jw kl).. + 1) . 
jW(jWT + 1)' 

where K := � > 0, a := LnEN a� > 0, T := kl).. > 0, 

and negative feedback is assumed. Stability of the closed-loop 
system with open-loop transfer function L(jw) can be assessed 
using Nyquist's stability theorem, given below (see, e.g., [14] 
for details). 

Theorem 111.1 (Nyquist Stability) Consider a closed-loop 
system with negative open-loop transfer L(jw) and P unstable 
open-loop poles, and let its Nyquist plot, i.e., the polar plot 
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Fig. 3. Gain (top left), phase (bottom left) and Nyquist characteristic (right) 
of open-loop transfer L(jw). 

of IL(jw)1 and L.L(jw), be given. This system is stable if 
a representative point s, moving along the Nyquist plot in 
clockwise direction, encircles the point - 1  + jO P times in 
the counterclockwise direction. • 

Since transfer function (10) has no unstable poles, i.e., poles 
with real parts that are larger than 0, by Theorem III.I the 
balancing system with frequency response l !�(�L) is stable 
if its Nyquist plot does not encircle the point -1 + jO (in 
counterclockwise direction). In order to draw the Nyquist plot 
of (10), we require expressions for the open-loop gain IL(jw)1 
and phase L.L(jw), given below. 

K 
IL(jw)1 = 

WVT2W2 + 1 

L.L(jw) = - 180 + arctan (_1
_) . 

-WT 

(l1a) 

(1Ib) 

Fig. 3 shows the open-loop gain, phase and Nyquist plots of 
(10). Note that the infinite-radius semicircle in the Nyquist 
plot is a direct consequence of L(jw) having a pole on the 
imaginary axis, corresponding to the integrating action in (1). 
The Nyquist plot does not encircle - 1  + jO, regardless of 
K, T > 0, which implies stability of the simplified balancing 
scheme in the absence of delays. 

Next, we address the stability of the simplified balancing 
scheme when all price signals are delayed by Te [s]. This 
is the case if the balancing scheme consists of one supply 
cluster only, or if the market outcome requires a single cluster 
to supply the total amount of requested balancing power. 
According to Theorem 111.1, this system is stable if the Nyquist 
plot of L(jw)e-jwTc does not encircle the - 1  point. Since the 
delay term e-jwTc has unity gain and phase L.e-jwTc = -wTe, 
the Nyquist plot of L(jw)e-jwTc follows by rotating all points 
on the Nyquist curve in Fig. 3 clockwise around the origin 
by wTe [rad]. Consequently, the delayed closed-loop system is 
unstable if the delay Te is large enough to rotate the cross-over 
point of L(jw) (i.e. the point corresponding to frequency Wo 
such that IL(jwo)1 = 1) along the unit circle over the point 
- 1  + jO. The cross-over frequency Wo of L(jw) is given by 

Wo = J 
2
�

2 ( - 1  + VI + 4K2T2) , (12) 
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Fig. 4. Delay margin as function of feedback gain K := � for T = 1. 

and the corresponding open-loop phase is given by 

L.L(jwo) = - 180 + arctan ( V2 ) . (13) V-I + \11 + 4K2T2 
Hence, the simplified balancing scheme has a phase margin 

cPPM := L.L(jwo) - (- 180), i.e., the amount by which the 
phase of L(jw) exceeds -180°, of 

cPPM = arctan ( V2 ) . (14) V-I + VI + 4K2T2 
Thus, the closed-loop delayed balancing scheme is unstable if 
the delay Te exceeds the delay margin �r;: [s], which is plotted 
in Fig. 4 as a function of K for T = 1. Fig. 4 shows that the 
delay margin converges asymptotically to 0 as feedback gain 
K is increased to infinity. 

B. Multi-Delay Linear Feedback-Loop Model 
Consider the simplified balancing scheme described by 

(1), (6) and (9), where an(PS,n) := anPS,n, in closed-loop 
with the hierarchical-tree based delay network described in 
Section II-A. A schematic representation of the corresponding 
closed-loop model is shown in Fig. 5, where H(jw) denotes 
the open-loop transfer of the integrator and market dynamics 
and where the transfer function of the delayed generator 
network is referred to as D(jw) := LnEN" a� e-jwTc. By 
Theorem III.l, this closed-loop balancing scheme is stable if 
the Nyquist plot of H(jw)D(jw) does not encircle the point 
- 1. In contrast to the approach described in the previous 
subsection, because ID(jw) I i=- 1 for all w EIR it is not 
possible to derive an upper bound on the maximum delay NTe, 
and therefore also on the maximum depth of the communica
tion tree, by evaluating the phase margin of H(jw). Hence, 
algebraic stability analysis of the tree-based communication 
network balancing scheme can be tedious in general, although 
relatively simple expressions for the upper bounds on N or 
Te can be found for specific cases of bid curves or delay 
structures. In this section, we focus on a network in which 
the aggregated bid curves of all supply clusters are equal and 
fixed, such that PS,n(t) := Ps(t) = Ci;A(t -dn) for all n EN. 
By exploiting the linearity of the bid curves, the open-loop 
transfer function of the multi-delay scheme can be written as 
G(jw) := Dex(jw)Hex(jw), with 

k.. K 
H (. ) - akA _. ex 

ex JW -
jw(jw kl

A 
+ 1) 

-. 
jW(jWT + 1)' (15) 
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Fig. 5. Stability-analysis based partitioning of the multi-delay market-driven 
balancing scheme. 

where Ko; :=..jsLk , T:= k1 , and with 
0; A A 

N 

Do;(jw) = L e-jwnTc 
n =1 .N+l T. ·N-l T. ·N-3 T. = e-J-2-w c{eJ-2-W c + eJ-2-w c + ... 

·N-3 T. ·N-l T. + e-J-2-w c + e-J-2-w c}, 

such that for even N, i.e., N := 2k for some positive integer 
k = 1,2, . . .  , this yields 

.2k+l 
k 

1 
Do;(jw) = 2e-J-2-wTc L cos ((k - i + 2)wTc) (16a) 

�=1 
and such that for odd N, i.e., N := 2k - 1 for some positive 
integer k = 1,2, . . .  , this gives 

Do;(jw) = 2e-jkWTc{ � cos ((k - i)wTc) + �}. (16b) 

Hence, the gain and phase of Do;(jw) are expressed as 

. 
2 

{(22::=lCOS((k-i+�)WTc))
2 

(Neven) 
ID,,(Jw)1 = 2 

(2{ 2::':-1
1 cos ((k -i)wTc) + �} ) (N odd) 

L.D,,(jw) = _ 
N; 1 wTc. 

Now, a lower bound on the maximum Tc for which the 
multi-delay scheme is stable can be derived, by bounding 
the frequency-dependent gain IDo;(jw) I from above by the 
constant N. Because the open-loop transfer of this "worst-case 
scheme" is given by N Ho;(jw)e-

N
i' wTc, with le- N

i'wTc I = 
1, we know that the system remains stable for at least delays 
up to Tc such that the Nyquist plot of NHo;(jw) is rotated 
over the point -1. By observing that the transfer function 
NHo;(jw) is a scaled version of the open-loop transfer L(jw) 
considered in Subsection III-A, the cross-over frequency and 
phase and delay margins of NHo;(jw) are found straightfor
wardly. The cross-over frequency Wo of NHo;(jw) is given 
by 

Wo = (17) 

#�_#""'-"-- ... 

" 

- ' -

Real/,(jw)) 

Fig. 6. Numerical method of finding the maximum non-destabilizing 
communication delay, in case of nonlinear supply functions. 

and the corresponding open-loop phase is given by 

L.NHo;(jwo) = - 1 80+arctan ( V2 ) . J - 1  + VI + 4N2 K�T2 
(18) 

Hence, in case all supply cluster have equal linear bid curves, 
the phase margin r/>PM := L.NH(jwo) - (-180) of the 
tree-based communication-network power-market balancing 
scheme can be lower bounded as 

- ( V2 ) r/>PM > arctan . J - 1  + VI + 4N2K�T2 
(19) 

Thus, the closed-loop delayed balancing scheme is stable for 
delays Tc up to at least ¢'PM [s], which converges asymptotically Wo 
to 0 as feedback gain K or communication network depth N 
is increased to infinity. 

Remark 111.2 A numerical procedure to determine the max
imum allowed Tc such that the multi-delay balancing scheme 
is stable, should look for the smallest delay (given a fixed N) 
or number of supply clusters (given a fixed Tc) for which 
the Nyquist plot of H(jw)D(jw) encircles the point - 1. 
Moreover, in practice the aggregated bid curves of individual 
supply clusters will be nonlinearly rather than linearly de
pending on price, such that the contribution of each cluster 
to the production of PAS will vary with A. In this case, 
numerical analysis should focus on finding the worst-case 
possible combination of 0";;-1 (A), n E N, over the range of 
allowable prices 0 < A < Amax [€], such that the Nyquist 
plot of H(jw)D(jw) is shifted over the point - 1. Fig. 6 shows 
that this search can for instance be implemented by shifting all 
points on the plot of H(jw) by the vectors in the yellow set 
spanned by {O"n (A)e-jnwTc In E N, 0 < A < Amax, Tc > O}. 

Remark 111.3 In the current market arrangements for ancil
lary service, the selection of generators for the production 
of balancing power completely depends on price and market 
objectives, irrespective of physical restrictions such as reaction 
speed or response delays. It should be clear from the analysis 
in this section that dynamics and delays can have significant 
effects on the performance and stability of the control loop 
for power balancing, and should therefore be anticipated by 



balancing arrangements and market regulations that take both 
economic and control-oriented objectives into account. 

IV. CONCLUSIONS 

Real-time balancing of the European electricity grid will 
become increasingly dependent on market-based control mech
anisms that are enabled by connecting millions of prosumers to 
an open communication network. The use of communication 
systems inevitably introduces delays in the energy balancing 
control loop, which could endanger market operation and 
stability of the electricity grid. By investigating the interaction 
between price-based control algorithms for real-time balancing 
and information and communication technology, we proposed 
a number of systematic design rules for ensuring safe and 
stable operation of ancillary service markets in closed-loop 
with communication delays. 
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