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Abstract:

This paper concerns markets for balancing power supply and de-
mand in real-time. Two qualitatively different market mechanisms
are of interest (1) primary electricity market(s) for supplying an-
ticipated demand and (2) a frequency control market for ensuring
that system frequency remains within prespecified limits as demand
deviates in real-time from its anticipated pattern. We suggest that
both types of markets are necessary for ensuring that frequency re-
mains within its technically acceptable limits as power is provided
competitively. In particular, we develop one possible structure of
a Power Exchange for Frequency Control (PXFC) that ensures fre-
quency quality in a general primary electricity market comprising
both bilateral and spot sub-markets.

I. INTRODUCTION

This paper concerns rules, responsibilities and rights
for creating an effective Power Exchange for Frequency
Control (PXFC). The main function of this market is to
ensure sufficient provision of power for balancing sup-
ply/demand mismatches created in the primary Power
Exchanges (PXs) for electricity so that system frequency
remains within the prespecified technical constraints. We
propose controls contracts that are designed to move the
responsibility for frequency control away from the system
operator and towards the individual participants.

One could argue that the operating objectives of to-
day’s power systems under normal conditions! are well
understood. Automatic generation control (AGC), in par-
ticular, is known as a very effective simple closed-loop
control scheme for balancing power in real time.

This paper states reasons for replacing present cost-
based AGC scheme by a market structure for purchasing
and selling frequency control as a well-defined commod-
ity. In this paper we refer to this market as a Power
Exchange for Frequency Control (PXFC) and develop its
basic structure.

II. PRINCIPLES OF BALANCING POWER AND
FREQUENCY REGULATION

Consider in this part of the paper the simplest electric
power system structure consisting of a single control area.

<

At present sufficient power is planned and operated by a
single control center for meeting customers’ needs in the
area under the direct jurisdiction of a control area. The
operation of the existing plants consists of two distinct
processes:

1. Unit commitment and economic dispatch are per-
formed to supply the anticipated load in the least-
cost way.

2. The deviations in load from its expected values are
supplied by very few flexible power plants participat-
ing in frequency control (or AGC).?

In today’s industry, only two types of power balancing
are in place: (1) the open-loop scheduling for the antic-
ipated demand pattern, and (2) automated regulation of
the actual, real-time power imbalance caused by devia-
tions in demand and (rarely) generation from their sched-
uled (anticipated) values. The longer-term operating ef-
ficiency and cost optimization in real-time is achieved
by performing economic dispatch every 5-15 minutes, as
the information about system loads becomes available
through a SCADA system. Usually there is no explicit
cost optimization for regulation since these units are cho-
sen for their technical characteristics.

The economic dispatch is done under the assumption
that system frequency is regulated tightly and that real
power output is a fully controllable quantity by each
power plant. In reality, however, power generated by
a generator-turbine-governor (G-T-G) unit is determined
by a three-way relation (droop characteristic [3], [4])

wgi = (1 - ogidai)wg! — 0ciPa: (1)
where og; = —-3%"5;_-3 is the droop defining sensitivity of

the system frequency g% with respect to the change in
power generated by the plant Pg;, assuming that the set

!Demand as expected and no equipment outages.

2The distinctions between frequency control (FC), load frequency
contro}l (LFC), and automatic generation control (AGC) could be-
come critical in the competitive industry, depending on the market
structures in place. For example, LFC and FC are the same in an
industry where loads are the primary cause of imbalance. In the
new industry, supplier could create an un-expected power balance
when committed to an energy-and not power—contract, as explained

later in this paper.

3All symbols in this paper represent deviations in variables of in-
terest from the nominal operating point, and not their actual values.
For example, w stands for frequency deviation away from 60Hzx 27
(4.




point value of the governor w”f remains constant and
dg; is the effective damping coeﬁicnent of the entire G-T-
G unit.* This relation basically says that the output of
power plants not participating in LFC increases automat-
ically as the system frequency decreases; this is a direct
result of the primary governor control.

In today’s industry it is not essential to unbundle ac-
tual power output into (1) the component caused by the
frequency changes resulting from systemwide power im-
balances and (2) component directly controllable by each
G-T-G unit. In a competitive environment, however, it is
important to relate cause and effect, and it is potentmlly
useful to rewrite (1) as

1

Pgi(w) = Fg; - W= P¢; - Bgiw 2
where ;
_ (1- ag,'dc,v;)wa’i
Py = L8 ©
and )
Bgi = o (4)

Gi 1s the component of power generated under ithe di-
rect control of each power plant, determined by adjustmg
the set point value wg;. In today’s industry only AGC
unites adjust this value The remaining component Sgiw
depends on everyone else’s activities and it reflects how a
governor changes Pg; to stabilize system frequency w to
its set point value wG,f

A. Regulatory and Industry Efforts

The implementation of competitive electricity markets
requires a variety of services which may not be provided
efficiently unless rules are established for defining the
rights and responsibilities of system users to purchase or
provide these services.> The requirements for some of
these services, such as load following and frequency con-
trol, vary with the electricity market dynamics. Neither
FERC nor NERC efforts have led to any means of dif-
ferentiating tariffs as a function of the impact of specific
market users on the overall market dynamics, and, con-
sequently on the amount of ancillary services needed. In
other words, a group of residential customers and an arc
furnace pay the same for these services as long as their
contracts for capacity are identical. ‘

It has been only recently that several ISO’s in form-
ing have proposed markets for frequency control [9]-[11].

4Throughout this paper we interchangeably use the term system
frequency w, or power plant frequency wgi; in quasi-steady state
operating mode the two are assumed to be indistinguishable with
the present measyrement equipment.

5In Order No. 888, FERC proposed a list of ancillary: services
essential for facilitating open access to the transmission system(s).
As a follow-up to:FERC’s Order, NERC formed an Interconnected
Operations Services Task Force (108), which produced a list of the
industry’s recommendations for unbundling system services under
competition [6].

Moreover, the load following service is becoming compet-
itive through creation of short-term hourly markéts, as in
the California ISO [12]. This indirectly leads to chang-
ing the FERC pro forma tariffs, but the approval of these
changes remains on a case by case basis. An ovérall un-
derstanding of the criteria necessary to be met in order
to create markets for ancillary services is needed,

In this paper we critically assess market structures for
load following and frequency control that have been pro-
posed and explain some missing necessary features. We
show how our market structure for power ba]anéing and
frequency control overcomes the fundamental problem
related to the unobservability of components assoc1a.ted
with particular submarket functions.

III. ENSURING PHYSICALLY DELIVERABLE POWER
CONTRACTS

Many questions regarding the performance of a com-
petitive market for ancillary services cannot be answered
without addressmg the structure of the electricity mar-
kets.

For this discussion it is important to note tihat the
primary electricity market responds only to anticipated
(whether longer or shorter range forecast) demands, and
not to very short term fluctuations, which indicate that
real time supply/demand imbalance, and which cannot be
ignored.

In this paper we develop a framework for the frpquency
control market as a separate market from the primary
electricity markets, to emphasize the fact that this is a
closed-loop market which responds to deviations in sup-
ply/demand imbalances from their values anticipated in
the main electricity markets. We propose that this mar-
ket lends itself to an entirely decentralized implementa-
tion and, as such, it does not require centrahzed} control
through an ISO to function.b

In the general market structure considered as|a back-
ground for this paper, we assume power can bq traded
in three separate submarkets, (1) the long-term Qilateral
(2) spot market(s) and (3) the proposed frequency control
market.

The droop characteristics of a power plant deﬁnqed in (1)
above is a strong complicating factor when power provi-
sion and frequency control are attempted through market
means. How can generators be contracted to provide con-
trol generation if they do not have full control ow}er their
own power outputs? (Recall from (2) that only its por-

~ tion P& is fully controllable.) In a regulated industry

this problem is less critical because generators participat-
ing in frequency regulation are directly controlled by a
system operator in charge of both scheduling power for
the expected demand and ensuring sufficient power for
frequency control. ‘In a competitive industry, the mar-
ket(s) must be carefully structured to ensure t 1at such

SThis statement assumes that market rules are followed,i 1SO may
still have an essential supervisory role. :




necessary services will be provided efficiently. The ques-
tion is whether it is possible to have several submarkets
providing the anticipated demand in an open-loop mode,
and an additional closed-loop frequency control market,
all without any direct involvement of an 1SO.

Recall from equation (2) above that power produced by
any given plant can be decomposed into the part fully con-
trollable by the producer F§; and the component which
varies with the system conditions Bg;w. Similarly, each
load is characterizable as

Ppj(w) = P; + BLjw ()
where Pf; is the load component independent of system
frequency (that is, other system users’ activities) and
the remaining component changes as a function of sys-
tem frequency. This formula represents the well:-known
self-stabilizing character of loads in today’s industry; the
power demanded naturally decreases as the frequency de-
creases, leading to smaller demand shortage, and, there-
fore, increasing system frequency [3], [15].

A major complication with loads, compared to gener-
ator characteristics, is that no aggregate load is capable
itself of consuming pre-specified Pp; exactly; instead, the
load varies constantly around its mean value within a
band +APr;(t). Depending on the level of aggregation
and the type of loads represented by a load serving en-
tity, LSE, this behavior could be characterized through
the type of contract shown in Fig. 1. Notice that while
in today’s industry load characterization is not explicit,
such characterizations by the LSEs of the future will be
particularly important for efficient frequency regulation.

Therefore, in the new industry each generation serving
entity (marketer), GSE, should be responsible for speci-
fying only P§&,;(t) and not the actual Pg;(t) for the entire
long-term contract duration. Similarly, each LSE requests
a delivery of Pf;(t) from the primary electricity market.
Since load inherently deviates from its intended level, the
band of expected deviations, APy ;(t), also must be part
of the contract, and each LSE must purchase on the fre-
quency control market frequency control service to com-
pensate for their likely deviations.

Specifying power contracts in terms of Pg; and Pf;
ensures that all that can be controlled by the system users
themselves is specified. This, in turn, ensures that the
power contracts specified in the primary markets can be
physically delivered independent from the others.

This type of contract is the key to designing decentral-
ized submarkets for balancing power and ensuring efficient
frequency control.

IV. POWER EXCHANGE FOR FREQUENCY CONTROL
(PXFC)

In this section we define basic rules, responsibilities and
rights of the participants in the proposed PXFC. We de-
scribe why this'is sufficient for ensuring efficient frequency
control in a general primary market structure, restricted

only by the requirement that contract specxﬁcatlons be as
proposed.

To start with, participation of all system uSers is
mandatory. For an electric power system to operate as
an AC grid, the frequency must be controlled tlghtly

It is relatively straightforward to show that it is not
possible to meet frequency specifications strictly through
primary electricity markets. As shown below, electric sup-

- ply and demand may balance in these markets, but the

equilibrium frequency will deviate from the desired 60Hz
making participation in the PXFC mandatory.

A. Participation in ‘the PXFC

In principle all system users, GSEs and LSES devi-
ate from their commitments in the primary markets and
therefore they all need to purchase frequency control ser-
vice through the PXFC.

It has been suggested in several recent references (16],
[17] that each system user should control its own fre-
quency and that only minimal [17] (or, equivalently sys-
tem [18], [19]) frequency control should be provxded as a
system service.

Different consumers may need to purchase more fre-
quency control than others. For example, an arc furnace
creates more unexpected power imbalances than a resi-
dential customer, and should, therefore, pay more for the
system frequency control commodity. Also, some GSEs
would be willing to meet their power contracts commit-
ted into the primary markets very closely, and some will
anticipate significant deviations.

A meaningful PXFC should capture these dlstmctxons
among system users and the tariffs for system control
should further reflect these differences. Possibly the sim-
plest way to achieve this is by establishing a mandatory
contract format which in a transparent way provides the
information to the PXFC coordinator about each system
user’s need for system frequency control.

B. Power Contract Format

In order to develop a meaningful market for frequency
control we suggest that, at least, each contract on the
daily market should specify anticipated power require-
ment as a function of time, and an estimate of the ex-
pected band of superimposed fringe fluctuations.  We
demonstrate in this paper that this is sufficient for de-
veloping a well-defined control market. A representatxve
contract curve is shown in Fig. 1.

Significant reasons may be cited for and agamst requir-
ing that primary level of regulation be acquired locally
(within a control area) or from the larger network. On
balance, it could well be that economic efficiency (lower
overall cost) will drive the industry toward local supply
of regulating energy.

7We do not study the question of adequate technical specifications,
this is a separate and very difficult subject. The allowable frequency
deviations are agsumed to be given. The only objective is to ensure
these are met.
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Fig. 1. Recommended Structure of Long-Term Contracts

In any event, since no amount of regulating effort can
provide perfect matching of load and generation, a cer-
tain amount of default regulation will always have to be
provided by the network operator as a system-specific ser-
vice.

If no restrictions are placed on the source of regulation,
central coordination will be required, and all system users,
GSEs and LSEs, who do not choose to self-provide their
. regulation, will be required to provide information to the
frequency control market as a prerequisite to connecting
to the system. The general information would be in the
form shown in Fig 2. All LSEs would be expected to
specify a non-zero band +A Py ;(t); generators not partic-
ipating in the frequency control market would be required
to provide information about their their power P§,(t) to
be produced under the long-term bilateral contracts.

This information can, in turn, be used by the system (or
frequency control market) operator to estimate the maxi-
mum cumulative power mismatch which must be compen-
sated through' purchasing control on this market. Using
this estimate, a coordinator of the Power Exchange for
Frequency Control can decide how much power to pur-
chase for control. In the remainder of this paper we de-
scribe how is this done.

C. Who Provides Service to the PXFC?

In today’s industry only a handful of generators partic-
ipate in AGC. The key issue in the development of an ef-
fective PXFC is to ensure the participation of an adequate
number of generators in this service, so that no unit can
exert frequency control-related market power, thus mov-

_ ing the system away from optimal operating conditions.

Not all units, however, meet the technical characteris-
tics required to participate in a frequency control market.
‘The most significant restrictions are generator location
and ramping time. While the value of location and speed
of generators have long been generally known to the sys-
tem operators, there are no readily available measures
of their values. Moreover, there is no quantitative rela-
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Fig. 2. Structure (Jf Contracts Traded on the Control Market

tion known between the boundaries of a control area and
the technical specifications of the power plants within the
area for effective frequency control. In this paper we de-
fine these missing relations after introducing a frequency
control market.

Power producers selling their services to the frequency
control market are| required to provide a different type
of contractual specification. A system user participating
in the frequency control market sells an obligation to ad-
just its directly controllable power Pg,, in resionse to
frequency deviations, within a preset band of power, ac-
cording to :

PEIIKT,] = Pk + DT.] ~ PonlkTy] = GamwlbT,)

(6)
for some o
PGn" < P&m < PGp™ (7
This contract spéciﬁcation is sketched in Fig. 2.
D. Meeting the Control Objective
The function of the PXFC is to guarantee that fre-

quency remains close to 60Hz at all times. We write this
system-wide control objective as:

wmin < w < wmae (8)

How then can the purchase of controls contracts on the
PXFC, as defined above, guarantee that this objective
this question we first re-derive the
control objective in terms of load/generator power imbal-
ance. Due to the droop characteristic, the net real power
injected at the generators will always match the net power
extracted at the loads:

Y- Pom(®) = 3 Priw) = 0 ©

Therefore the popl{‘:lar notion that system frequency de-
viates because of a mismatch in power between load and




generation is not quite accurate. In order to observe this
imbalance we have to disregard the droop characteristic
and consider only the controllable part of the power out-
put (P& and Pf,). This gives us a linear relationship
between the cumulative mismatch in load and generation
and the deviation in system frequency from 60Hz:

w= (/o + B Pom~ Y PE)  (10)

Where 8¢ = 3, Bam and B = ¥, BLi. We also define
P;np such that:

w = (1/(Bs + BL)) Pimb (11)

Having derived the relationship between power imbalance
and frequency deviation we can now rewrite the control
objective (8) in terms of power imbalance:
s
Where P = (Bg + Br)w™"™ and PM% = (Bg +
Br)w™e®. On the actual system the genere.tors are re-
quired to have the controllable portion of their power out-
put track a contract curve, while the load is allowed to
deviate within specified margins. The power imbalance on
the system will therefore be due to unpredicted deviations
of the loads (and imperfect generator controls). Since only
generators participating in the PXFC will respond to this
imbalance we assume that Pg, is as specified by the con-
tract curve for all non participating generators.® Partic-
ipating generators will respond according to the control
law specified in the previous section. Furthermore we in-
troduce the notation PV to denote the deviation of the
i’th load from the contract curve. Under these assump-
tions, the power imbalance of the closed loop system will
be given by:

27
Pimp = D PER™™ = 3 PEE
m i

Using the control law defined in (6) this expression be-

et < Pimp < (12)

(13)

comes:
Py =Y Gomw — 3_ PE" (14)
m i .
We now substitute equation (11) for w,
Pimp = (3 Gam)(1/(Ba + BL)) PES® Z P (15)
. m

This relation clearly spells out how control gains must be
set in order to balance the overall system. By selecting
gains such that

> Gom = (Be +BL) (16)

80therwise, high penalties for not meeting contractual obligations
should be in effect.

the net imbalance wxll be reduced to zero and system fre-
quency will be at nommal This simple constraint on the
sum of the control gains therefore spells out the steady
state requirement for balancing frequency on the system.
When auctioning off control contracts, the PXFC will
need to match the sum of droop constants for all loads
and generators in its area. |

E. How Much Control Capacity?

So far we have shown how to specify the gam on the
control contracts traded on the PXFC. We still have to
determine how to set P57 and P for each contract.
To do this the power exchange uses the information pro-
vided in the bands around the bilateral contract curve.
An upper bound on the maximum cumulative 1mbalance
on the system is:

Py <Y APy (17)
i i

A simple and safe strategy would be for the system oper-
ator to purchase sufficient control capacity to cover this
worst case scenario.! Specifically, if the unit clearing price
for a control contract is given by Prc and m contracts
are purchased, the mandatory charge to each LSE i for
frequency control will be given by:

MFCC; = (meFc)(APLi/@APu)) (18)

If this charge is pasjsed on to all LSEs, the total amount
of money paid to the PXFC is:

ZMFCCC-

L

=m X Ppc (19)

This is exactly equal to the amount paid by the PXFC to
the generators participating in frequency control, so the
market recovers its full cost while providing individualized
economic feedback ﬁo the load serving entities.

Clearly, assuming that the deviations of the ldads are

. fully correlated and purchasing control capacity equal to

the sum of the contract bounds is overly conservative. In
order to improve on this strategy the PXFC needs some
measure on the degree to which the deviations of the loads
will cancel each other. This other limiting case is given
when the loads can be modeled as independent identically
distributed (1ID). Under this assumption the necessary
control capacity, based on the standard deviation of the
cumulative disturbaince, is given by:

S (PER™ - PER™) = (2/ V) 30 AP

(20)

This clearly is a sigrfniﬁcant improvement in the economic
efficiency of the controls market. In a market with hun-
dreds of LSEs, the necessary capacity may be reduced by
a factor approaching ten. According to the pricing scheme




provided in (19) these savings will be directly passed on
to the loads.

This stochastic analysis sets bounds on the effect of
the correlation between individual load deviations on
overall volatility. To define this impact over the full
range of load correlations, we introduce the A function.
A(cov(Pf,, ..., P§,)) determines the proportional relation
between the sum of the deviation bands and the required
amount of control capacity:

D (PG® — PE™M™) = (2 x A) > AP, (21)

A will be a monotonically increasing function of load
correlation, starting at A = 1/\/n for IID loads, and
bounded by A = 1 for fully correlated loads. The in-
troduction of this function illustrates the necessity for
market participants to provide more information, to the
extent possible, to market facilitators, such as the PXFC,
in order to ensure efficient operation.

F. Dynamic Constraints

So far we have addressed how to select the gain and
capacity limits on the control contracts in order to bal-
ance real power on the system. These are equilibrium
constraints in the sense that they guarantee the sufficient
availability and proper application of balancing regula-
tion. In addition, we need to satisfy dynamic constraints
to ensure that generators can respond to fast disturbances
in real time. We mentioned earlier the value of generator
location and ramping rate. :

A solution to the problem of determining the relative
regulating burdens imposed on the system by various
loads is not straightforward. The spectral density of the
system load extends far beyond any frequency to which
generators can respond. In practice, it has been found ef-
fective to remove from system signals, by prefiltering, all
frequencies higher than 0.01 Hz, and to assign to regulat-
ing generators that portion of the spectrum between 0.001
and 0.01; portions of the spectrum below 0.001 should be
assigned to load following generators.

The actual frequency response capabilities of genera-
tors could be determined by elaborate, and expensive,
field testing, which would put a nearly intolerable bur-
den on many generators, and would certainly greatly di-
minish the number who would be willing to participate in
the market. To avoid this result, all units that bid into
the PXFC could be subjected to spot checking of their
performance, and disqualified if it were found lacking.

V. SINGLE AREA EXAMPLE

In this section a simple four-bus system, shown in Fig.
3, is used to illustrate theoretical ideas introduced in
this paper. The system consists of two generators and
two loads. The transmission line parameters are uni-
form (r = 0.01p.u., and =z = 0.1p.u.); generator param-

dGz = 08(&%))

800
Time (sec)

Fig. 4. The deviations from contract curves at L3 and L4
rad/sec

eters are (0g, = dg, = 0.05(#), dg, = 1.0, and

|

For simplicity, the two loads, L3 and L4, are assumed
not to vary with frequency, and also to be statistically un-
correlated to each other. The two loads are characterized
by different deviation bands around their contract curves:
L3 has a £0.5 p.u, deviation band; L4 has a relatively
larger, +2 p.u., deyiation band as shown in Fig, 4.

The set points of generator govérnors are changed every
30 seconds corresponding to the P, needed to fulfill the
control contracts. Since the droop characteristics, ogm, of
both G, and G; are 5% _(1"7%’7‘—”), based on Equatjon (16),
the total control gains needed for frequency regulation
should be ‘

|
Y Gom= B+ =2 x40 (pu/Ha)
|

(22)
m=l
In this simulation, we choose Gg1 = 4 X 40 and

Gg2 = 4 x 40 so| that the control gain of Ga|is twice
as large as that of G;. This way G2 obtains twice as
many control contract units as Gy does. Fig. |5 shows
the real power response of G and G; participating in
PXFC. It shows thxf»t G increases (or decreases)|twice as
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Fig. 6. System Frequency Response with PXFC

much its real power compared with G to balance the sys-
tem. As mentioned in section IV-F, G2 must have a fast
enough ramping rate in order to qualify to bid for more
control contracts and also it needs to reserve more of its
real power capability for frequency regulation. Further-
more, since L4 deviates more from its contract curve, it
should take more responsibility for the system frequency
deviation than L3. These verify the charge and payment
mechanism described in section IV-E.

Fig. 6 shows system frequency response to the system
disturbances.
nation the average frequency deviates in an uncontrolled
way. In contrast, with the PXFC provided by G; and G,
the system frequency deviation is reduced to less than 2
mHz.

V1. EFFICIENCY OF THE PXFC

Throughout this paper we have focused on the feasi-
bility of a competitive market for closed-loop frequency
control. We have shown how the market could ensure the
desired control of system frequency by auctioning out a
set of long term PXFC contracts which require genera-

It can be seen that without any coordi-

tors to respond to frequency deviations in a décentral-
ized fashion. The issue which remains to be addressed
is the impact of the proposed control market on tthe eco-
nomic efficiency of the industry. Will moving from hourly
or even intra-hour dispatching of balancing generation to
long term contracts result in inefficient allocation of gen-
eration? How can generators determine the price of their
bids when the long term demand for control generation is
highly uncertain?

In order to analyze the short term efficiency of the pro-
posed market structure we have to examine the bidding
strategies of individual generators. Recall that each gen-
erator has the optlon of entering into the bllatera] spot
and control markets. While each of these markets evolve
at different rates each generator has to make a decision
at the rate determined by the longest evolving market

Entering into any long term contract is a clear oppor-
tunity cost since it prevents the producer from offering its
capacity on the spot market. We would therefore expect
the prices in the three markets to stabilize such that the
expected profit from allocating generation capacity into
each market is identical. The rate at which the market
will approach this eqmlxbrxum will depend mamly on two
factors.

1. The rate at whlch the market evolves, defined by
the length of contracts in the long term markets.
The faster generators are able to adapt their bidding
strategies, the sooner the market will reach! equilib-
rium conditions. |

2. The ability of market participants to estimate load
variance. The variance of the load will drive the con-
trol market (as well as any bilateral load following
contracts). In order to accurately optimize theit bid-
ding strategies, generators must be able to estimate
this variance. |

This is where the proposed control market has its: greatest
strength. Because of its simple structure the market can
be set to operate at almost any rate. The control market
also offers a means to relay information about load volatil-
ity. The PXFC market coordinator uses the bands on the
bilateral contracts to determine the demand for control
contracts. If load volatility increases the demand on the
control market will increase, however the burden carried
by each contract will remain the same.. Thus the gener-
ator will not have to re-evaluate its bids to the control
market every time a new load is added to the system.

ViI. PXFC For MuLTI CONTROL AREAS

Creating markets for frequency control in an intercon-
nection comprised of several control areas appears at first
sight to be much more complex than the PXFC for an iso-
lated, single control area system described above. To deal
with the variety of possible system architectures without
creating excessive complexity, it is important to recogmze

two major facts: |
1. The boundaries of a CA are not essential fot balanc-

ing power in real time, nor for regulating f:equency




of the entire interconnection within the prespecified
technical limits.

2. It is essential to develop a PXFC in which the control
criterion is measured in terms of system frequency
deviations and not in terms of the traditional area
control error (ACE).

In what follows we first describe several conceptual dif-
ficulties with using ACE for system frequency control un-
der open access. Next, we suggest that NERC has al-
ready moved into the direction of changing the frequency
control criterion from ACE-based to CPS1-based [7]; the
CPS1 criterion recently recommended by NERC was de-
signed with a different motivation in mind; however, it
directly lends itself to being useful for systematic design
of a PXFC which is not restricted to a single CA®. Once
the case is made for a PXFC market creation beyond a
single CA/ISO, we describe how it could be implemented.
The concepts are identical to the concepts described for
a single control area.

VIII. FREQUENCY VERSUS ACE CONTROL
ALGORITHMS

In the above proposed PXFC we have, in addition to
moving from a centrally dispatched system to a competi-
tive market, also shifted the technical criteria of the con-
trol algorithm from the area control error to an algorithm
based only on the system frequency. This shift makes
the control system more robust to inaccurate tie-line flow
schedules. In fact, we will show that the performance

..of the frequency-based controller is independent from the
scheduled flow of base load power. This, in turn, will
allow more flexibility in the spot market trade, without
having to coordinate last minute changes with the gen-
erators participating in frequency control. The market
for frequency control presented here has been designed to
minimize the need for real time coordination by a system
operator.

As shown above, the structure of the contracts guaran-
tees that the system-wide frequency criterion (8) will be
met. To further illustrate the advantage of a frequency
based control system,.let us first consider the potential
problems arising under the traditional ACE model.

A. Controlling Frequency with ACE

The area control error is a signal designed to estimate
the net power imbalance originating within a specific con-
trol area. This is achieved by measuring the frequency
deviation in the area, and discounting the effects of tie-
line flows. Driving the area control error to zero, there-
fore, corresponds to balancing real power in each area,
which, in turn, guarantees that systemwide frequency will
be close to nominal. In the regulated environment the
area control error provided an effective means of divid-

91t is our understanding that most of the CAs experimenting with
CPS1 use this measure as an accounting mechanism, and not as a
tool for real-time frequency control.

the existing utilities, Using the area control error assured
that no utility was forced to react to a disturbance not
originating in its nEtwe load. Furthermore, since there

ing the task of regsrlating systemwide frequency among

were relatively few generators participating, mamtammg
an accurate schedule for tie-line flows was a manageable
task. ,

The deregulation| of the electric utility industry pro-
vides a drastic change in the conditions under which a
frequency control system must operate. With| the in-
troduction of independent power producers (IPPs), and
a number of aggregators both on the load and genera-
tion side, the number of active participants in the market
has increased significantly. In addition, the complexity
of the market structure is growing. The question is who
is responsible for a power mismatch; physically| as well
as financially, and how the costs of balancing the system
should be recovered. If we apply ACE to the deregulated
market, we quickly run into a coordination problem

Each time a trade is completed involving a génerator '
and load in different control areas, the scheduled values of
the tie-line flow will change. If trades on the spot, market
are conducted at an hourly rate, the system operator will
be forced to recompute the tie-line schedule, upcﬂate the
operating point for the ACE measurement and re-dispatch
this information to [generators participating in frrzquency
control each hour. If an update in the schedule is|delayed
or inaccurate, the controller will be functioning with the
wrong operating point, potentially causing it to add a
further disturbance rather than balancing the system. We
will show the effects of inaccurate scheduling through an
example in the next section.

B. Increased Flezibility via the PXFC

We have described how the area control error can be po-
tentially destabilizing in the fast paced deregulated mar-
ket. How then does the frequency based control system
proposed in this paper circumvent this problem? If we ex-
amine the structure of the bilateral and controls contracts
we see that they are designed to move the respopnsibility
for frequency control away from the system operator and
towards the individual participants. Each bilateral con-

 tract specifies the magnitude of the maximum potential

disturbance which could be caused by the partiés of the
contract. This is matched by the frequency control con-
tracts which reserve a proportional band of contrel gener-
ation to match the potential disturbance. Assuming that
the PXFC coordinator is to be responsible for the pur-
chase of all control| contracts and distribute the cost in
accordance with deviation bands on load-following con-
tracts, its role is administrative one. Since! control
contracts respond only to system frequency, the system
operator is not required to provide generators with an
tie-line flow. The operatmg‘pomt of
the controllers is the nominal frequency, whlch is fixed




Fig. 7. A 5-bus System for Multi Control Area Simulations
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rithm is completely separable from the primary market
activities.

IX. MuLTI-AREA EXAMPLE

To illustrate the differences between a control algorithm
based on the area control error and pure frequency con-
trol, we have simulated a simple five bus system with three
generators and two loads, separated into two control ar-
eas (see Fig. 7). All transmission lines parameters and
generator data are the same as those of the 4-bus example
and G3 has the same parameter as G.

Assume a single bilateral contract between generator
G2 and load Ls. The contract is a nominal contract
curve bounded by upper and lower limits on load devia-
tions. The actual load is set to deviate from the contract
curve sinusoidally, but it remains within the contractual
bounds. The complete setup of the contract and the ac-
- tual load is shown in Fig. 8.

A. Uncontrolled Frequency Response

In order to have point of comparison for the perfor-
mance of the control system we begin by simulating the
system in the absence of any AGC. In this case system
frequency will deviate freely in proportion to the net real

Frequency devistion
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Fig. 9. dncontrolled Frequency Response

power imbalance. The magnitude of the deviation will de-
pend on the natural response of the system as described
earlier in this paper. We can also see how the output
of the generators varies slightly in inverse proportion to
frequency. This is due to the droop characteristic of the
generators. An increase in system frequency will cause a
decrease in net power output, and vice versa. The uncon-
trolled system response is shown in Fig. 9.

B. ACE versus F’rebuency Control

We now consxder the response of the system with a
controller based on the area control error. In order to
illustrate the effects of an error in tie-line scheduling on
system performance, we will consider two instances. The
first will assume a perfect schedule for the tie-line while
the second assumes an approximate schedule.

We now simulate the closed-loop response of the sys-
tem controlled by the area control error using first the
exact and then the approximate tie-line schedule. As
can be seen by comparing Fig. 10 and 11, the impact
of the scheduling error is quite significant. The maximum
frequency deviation increases from less than 1mHz for
the perfect schedule to almost 4mHz for the approximate
schedule. It is interesting to note that such a significant
deterioration in performance occurred strictly due to an
approximation error. If, instead, there had been & failure
to add or remove several transactions from the schedule,
the impact would have been disastrous.

We now simulate the system driven by the same distur-
bance but with our proposed frequency-based controller.
From the perspective of the controls market there is a sin-
gle control contract! offered by G3. The system response
illustrated in Fig. (12 shows that the deviations in fre-
quency are the same as in the case of the ACE based
controller with perfect scheduling. This illustrates how
shift from ACE to ‘frequency-based control provides for
increased robustness without any deterioration in perfor-
mance.

An additional advantage of the new control law is that
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it lends itself easily|to the inter-area trade of control gen-
eration. Suppose that generator G; is able to offer the
same control contract as G at a lower bidding priice. Fig.
13 shows the system response after the control icontract
has been shifted from generator G3 to generator G;. As
we can see, there is no noticeable deterioration inthe per-
formance of the control system.

|
X. CONCLUSIONS

This paper proposes a power exchange markgt struc-
ture for frequency control necessary to balance power im-
balances created through the primary electricity market
activities. It is shown that it is theoretically possible to
balance power and|guarantee frequency quality ‘through
a very simple market structure. If the rules, rights and
regulations for pri markets are well structured, it
is possible to estahblish a market-based provisioh of fre-
quency regulation in which the role of an ISO would be
mainly supérvisory.|

This proposed scheme allows different load, W1th dif-
ferent characteristics and variability, to be chargéd differ-
ently - according to their actual impact on the|system.
This property of the PXFC is very appealing as 45, way to
promote economic efficiency.

This scheme, of course, will not work perfectly For
implementation, and moving it toward real polx¢y, there
would need to be some enforcement or monitoring to make
sure people do not misrepresent their load/ generator char-
acteristics, and so avoid actually paying for their true im-
pact on the system. There will probably need to be some
form of sanction or| penalty for players who mgnflﬁcantly
and/or repeatedly make contracts, for examplm with a
deviation band more narrow than their true devn}atlon

Also, the robustness of the proposed market to the ac-
curacy at which generator and load droop characteristics
are known will have to be studied further to g#n confi-
dence in the proposed concept.

Nevertheless, it is somewhat excxtmg to have reached
the point which indicates that market forces couldl balance




power in real time with minimal coordination. This is
conceptually possible because system frequency is more
or less the same everywhere and, therefore, the actual
location of power imbalance becomes secondary.

In the context of an open access comprised of several
control areas, the conclusion is that when the ACE is re-
placed by the frequency criterion the fundamental role of
control area is also lost; in an open access market bound-
aries between control areas are no longer relevant (nor
legal) as power is traded within the interconnection. The
PXFC proposed described in detail for a single control
area is shown to be directly generalizable to the multi
control area open systems, as well.
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