AGC 1 (Chapter 11)

1.0 Introduction

We have seen In the last set of notes (on
stability) that synchronous generators respond to
load-generation imbalances by accelerating or
decelerating (changing speeds). For example,
when load increases, generation slows down,
effectively releasing some of its inertial energy
to compensate for the load increase. Likewise,
when load decreases, generation speeds up,
effectively absorbing the oversupply as
Increased inertial energy.

Because load Is constantly changing, an
unregulated synchronous generator has highly
variable speed which results in highly variable
system frequency, an unacceptable situation
because:

- NERC penalties for poor-performance (CPS)

. Load performance can be frequency-dependent
o Motor speed (without a speed-drive)
o Electric clocks

. Steam-turbine blades may lose life or fail under
frequencies that vary from design levels.
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. Some relays are frequency-dependent:
o Underfrequency load shedding relays
o Volts per hertz relays
. Frequency dip may increase for given loss of generation

The fact that frequency changes with the load-
generation Imbalance gives a good way to
regulate the Imbalance: use frequency (or
frequency deviation) as a regulation signal.

A given power system will have many
generators, so we must balance load with total
generation by appropriately regulating each
generator In response to frequency changes.

As a result of how power systems evolved, the
load-frequency control problem is even more
complex. Initially, there were many isolated
Interconnections, each one having the problem
of balancing its load with its generation.
Gradually, in order to enhance reliability,
Isolated systems interconnected to assist one
another in emergency situations (when one area
had Insufficient generation, another area could



provide assistance by Increasing generation to
send power to the needy area via tie lines).

For many years, each area was called a control
area, and you will still find this term used quite
a lot in the industry. The correct terminology
now, however, Is balancing authority area,
which is formally defined by the North
American Electric Reliability Council (NERC)
as [1]:

Balancing authority area: The collection of
generation, transmission, and loads within the
metered boundaries of the Balancing Authority.
The Balancing Authority maintains load-
resource balance within this area.

This definition requires another one [1]:
Balancing authority: The responsible entity that
Integrates resource plans ahead of time,
maintains load-interchange-generation balance
within a Balancing Authority Area, and supports
Interconnection frequency in real time.




The Interconnection of different balancing
authority area creates the following complexity:

Given a steady-state frequency deviation (seen
throughout an interconnection) and therefore a
load-generation imbalance, how does an area
know whether the imbalance is caused by its
own area load or that of another area load?

Each balancing authority will have its own
AGC. The basic functions of AGC are identified

In Fig. 1a below.
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Figure la should also provide a “local” loop
feeding back a turbine speed signal to the inputs
of the generators. An alternative illustration
showing this “local” loop 1s given in Fig. 1b.

——>Turbine-Gen N

SweemVaser'Fue!
—>Turbine-Gen ...
—>Turbine-Gen 2
Turbine-Gen 1
Synchranizing Mator Speed Gavernor T Sevovave
ACE= Domsow || |-+ | ommemoinen
- )
D I o
AP T | Primary control controls
tie Secondary control |
I
I
|

rovides regulation output in response to
1 0 BAf p g transient frequency deviations
Generation Coreral \ ¢ N~
I Sy GC) | ——————
I Frequency Sensor | Power
| | System
Local Area
IMoasuumeNs of sharedf'ow«l Tie Lines to

1 to other Araas, T Y |

B is negative. Also, in above equation, the BA’s frequency bias in in units of ke
R I C TR R -
Fig. 1b

2.0 Historical View

The problem of measuring frequency and net tie
deviation, and then redispatching generation to
make appropriate corrections in frequency and
net deviation was solved many years ago by
engineers at General Electric Company, led by a
man named Nathan Cohn. Their solution, which
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In its basic form s still in place today, Is
referred to as Automatic Generation Control, or
AGC. We will study their solution in this
section of the course. Dr. Cohn wrote an
excellent book on the subject [2].

3.0 Overview
There are two main functions of AGC.:
1.Load-frequency control (LFC). LFC must
balance the load via two actions:
a.Maintain system frequency
b.Maintain scheduled exports (tie line flows)
2.Provide signals to generators for two reasons:
a.Economic dispatch via the real-time market
b.Security control via contingency analysis
Below, Fig. 1c, illustrates these functions.




ECCs SCADA, Telemefr'y EMS, RT, DA Markets

Breaker/Switch Status .7 { System Model Description ¥ o \m:\ \
Vo0 Y| deties ok e '
T 5 ~ Power flows, \
vV \ o Updated System Voltages efc., \
) h Electrical 3 State SR R
| Telemetry \ | imat \‘2
nicatio | 1 \ 2
| SCADA \ns e | A ‘ Display to Operator ll EMS
| 1 Bad Measurement |
| | U Alamns
l\\‘ i I
] ~ |
\ —— !
i i ; Day-
N ot 1}. 1 ahead
& ' market
Caontingency Display to Operator I
Atmt G on .:\ _____ - ‘\ i & | Comtrmens /
C ntro! l(AGC) f edback ] N, \ | Loss Analysis %0 1
tl tmtht glt I'| scem S = \ s i T e o
1 ~i \ ) s — =
the e power output of electri : S ne. So—gEE " oayahen
generators to maintain a | b 7| market Nodal
specified system ffequency I Real time cperating — I | solution injections
and/or scheduled interchange. _§'l plan ta—| \ ! *
\ \ ! SCED3 SFT
- - \ 1 !
Intra day & day . \ Intra-day reliability unit commitment RAO / ]
ahead reliability unit 0 1 I T —
. \ 1 1 ontingency
commitment (RAC) \ I P constmints &
\ Day-ahead operating Neve defined CUC loss sensitivities
plan constrain
\ = Day-ahead market
\ | Day-ahead reliability unit comn (RAC) -

Flg 1c
As Its name implies, AGC Is a control function.
There are two main levels of control:
1.Primary control

2.Secondary control
We will study each of these in what follows.

To provide you with some intuition in regards to
the main difference between these two control
levels, consider a power system that suddenly
loses a large generation facility. The post-
contingency system response, In terms of



frequency measured at various buses In the
power system, iIs shown in Figs. 2b and 2c. This
IS understood in the context of Figs 2a and 2d.
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Figure 1 — Frequency Response Basics?

Fig. 2c: transient time frame
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Question: Why is it important to maintain frequency?



Potential Impacts of Low Frequency Dips
* f<59.0 Hz =» can impact turbine blade life.
* Gens may trip on UF relay (59.94 Hz, 3 min; 58.4, 30 sec;
57.8, 7.5 sec; 57.3, 45 cycles; 57 Hz, instantaneous)
* UFLS can trip interruptible load (59.75 Hz) and 5 blocks
(59.1, 58.9, 58.7, 58.4, 58.3 Hz)
* Can violate performance criteria:

Performance . Minimum Transient] . "
i ‘Dtsturbanoe Transient Voltage Dip Criteria Frog Performance criteriais a
“protection” against UFLS.
Generator > R “ N .
Max voltage dip - 25% UFLS is a “protection” against
Ovie Giroiat Max duration of voltage dipnot ~ 59.6 Hz for 6 generator tripping.
B exceeding 20% - 20 cycles. cycles or more ata " . .
O
Trr;sfnrmer Not to exceed 30% at non-load load bus. -)Generator trlppmg Isa
buses “protection” against loss
£l of turbine life.
Two
Generators Max voltage dip - 30% at any bus.
c Max duration of voltage dip ggc?e:irfmnsm ata
Two Circuits exceeding 20% - 40 cycles at load Y
load bus.
buses.
IPP DC

Question: What is the frequency response trend today?
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Figure 1 - Frequency Response Basics®
“If Beta were to continue to decline, sudden frequency declines due to loss of large units will
bottom out at lower frequencies, and recoveries will take longer.”

Source: J. Ingleson and E. Allen, “Tracking the Eastern Interconnection Frequency Governing
Characteristic,” Proc. of the IEEE PES General Meeting, July 2010.
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4.0 Interchange

To address the load frequency control issue, it is
necessary to provide some definitions [1]:

Net actual interchange: The algebraic sum of all
metered Interchange over all interconnections
between two physically Adjacent Balancing
Authority Areas.

Net scheduled interchange: The algebraic sum
of all Interchange Schedules across a given path
or between Balancing Authorities for a given
period or instant in time.

Interchange  schedule:  An  agreed-upon
Interchange Transaction size (MW), start & end
time, beginning & ending ramp times & rate, &
type required for delivery/receipt of power/
energy between Source & Sink Balancing
Authorities involved In the transaction.

We illustrate the notion of net actual
Interchange and net scheduled interchange In
Fig. 1 below.
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Scheduled

Fig. 1

The word “net”
is used with
actual and
scheduled
interchange
because there
may be more
than one
interconnection
between two
areas.

he net actual interchange between areas:

Alto A2: AP1,=120 MW A2 to A3: AP»3=-80 MW
A2 to Al: AP»;=-120 MW A3 to A2: AP3,=80 MW
Al to A3: AP13=30 MW
A3 to Al: AP3;=-30 MW

The net scheduled interchange between areas:

Alto A2: SP1,=100 MW A2 to A3: SP,3=-100 MW
A2 to Al: SP»;=-100 MW A3 to A2: SP3,=100 MW
Al to A3: SP13=50 MW
A3 to Al: SP3;=-50 MW

The Interchange deviation between two areas IS
Net Actual Interchange-Net Scheduled Interchange

This 1s defined m the text (page 396) as APj;, SO:
APij:APij-SPij (1)
In our example:
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Area 1:
AP12:AP12-SP12:120-100220 MW
AP13:AP13-SP13:30-502'20 MW

Area 2:
AP =AP-SP,;=-120-(-100)=-20 MW
AP23:AP23-SP23:-80'(-100):20 MW

Area 3:
AP31:AP31-SP31:-30'(-50):20 MW
AP32:AP32-SP32:80-(100):-20 MW

Some notes:

1.The net actual interchange may not be what Is
scheduled due to loop flow. For example, the
balancing authorities may schedule 50 MW
from Al to A3 but only 30 MW flows on the
Al-A3 tie line. The other 20 MW flows
through A2. This 1s called “loop flow” or
“madvertent flow.”

2.We may also define, for an area 1, an “actual
export,” a “scheduled export,” and a ‘“net
deviation™ as:
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Actual Export: AR = JZ:; AR (2)

>

Scheduled Export: o = .:1SPU. (3)

Net Deviation:
Observe that

APi :iAPij :Zn:(APij _SPij)
j=1

j=1

2, ARy (4)

= AP, ~ 3 SP, = AP~ SP ()
j=1 j=1

This says that the net deviation Is just the

difference between the actual export and the

scheduled export.

3.Note that net deviation iIs unaffected by loop
flow. What affects net deviation Is the
continuously varying load. For example, Fig.
2 shows a new set of flows.
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Fig. 2
Here we see that the Al actual export iIs 160
MW instead of the scheduled export of 150
MW.

Likewise, the A3 actual export i1s 40 MW
Instead of the scheduled 50 MW.

The area A2 actual export is still the same as the
scheduled export of -200 MW.

Conclusion: Area Al has corrected for a load
Increase in Area A3 when it should not have. So
we need to signal Area Al generators to back
down and Area A3 generators to increase.

Overall conclusion: In order to perform load-
frequency control in a power system consisting
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of multiple balancing authorities, we need to
measure two things:

. Frequency to determine whether there Is a
generation/load imbalance in the overall
system.

. Net deviation to determine whether the actual
exports are the same as the scheduled exports.

5.0 Primary speed control

Primary speed control 1s “local” to a generator
and is also referred to as governor control or as

speed control. Since we know that

2 2
=fw, =22
@, f (6)

P P
where o, IS the mechanical speed of the turbine,
oe IS the electrical frequency In rad/sec, p Is the
number of machine poles, and f is the electrical
frequency In Hz, we can see that control of
speed is equivalent to control of frequency.

W,

Speed governing equipment for steam and hydro
turbines are conceptually similar. Most speed
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governing systems are one of two types;
mechanical-hydraulic  or  Electro-hydraulic.
Electro-hydraulic governing equipment use
electrical sensing instead of mechanical, and
various other functions are implemented using
electronic circuitry. Some Electro-hydraulic
governing systems also incorporate digital
(computer  software) control to achieve
necessary transient and steady state control
requirements. The mechanical-hydraulic design,
illustrated In Fig. 4, is used with older generator
units. We review this older design here because
It provides good intuitive understanding of the
primary speed loop operation.

Basic operation of this feedback control for
turbines operating under-speed (corresponding
to the case of losing generation or adding load)
IS Indicted by movement of each component as
shown by the vertical arrows.
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Fig. 4

. As o, decreases, the bevel gears decrease their
rotational speed, and the rotating flyweights
pull together due to the change in centripetal
force. This causes point B and therefore point
C to raise.

. Assuming, initially, that point E is fixed, point
D also raises causing high pressure oil to flow
Into the cylinder through the upper port and
release of the oil through the lower port.

. The oil causes the main piston to lower, which
opens the steam valve (or water gate In the
case of a hydro machine), increasing the
energy supply to the machine In order to
Increase the speed.
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. To avoid over-correction, Rod CDE Is
connected at point E so that when the main
piston lowers, and thus point E lowers, Rod
CDE also lowers. This causes a reversal of the
original action of opening the steam valve. The
amount of correction obtained in this action
can be adjusted. This action provides for an
Intentional non-zero steady-state frequency
error.

There is really only one input to the diagram of
Fig. 4, and that is the speed of the governor,
which determines how the point B moves from
its original position and therefore also
determines the change In the steam-valve
opening.

However, we also need to be able to set the
iInput of the steam-valve opening directly, so
that we can change the MW output of the
generator In order to achieve economic
operation. This Is achieved by enabling direct
control of the position of point C via a
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servomotor, as Illustrated in Fig. 5 (pg 378, Fig.
11.1 In your text). For example, as point A
moves down, assuming constant frequency,
point B remains fixed and therefore point C
moves up. This causes point D to raise (with
point E Initially fixed), opening the valve to
Increase the steam flow.

Fig. 5
6.0 A model for small changes

We desire an analytic model that enables us to
study the operation of the Fig. 5 controller when
It undergoes small changes away from a current
state. We will utilize the variables shown in Fig.
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5, which include APc, Axa, AXg, AXc, AXp, AXg.
We provide statements indicating the conceptual
basis and then the analytical relation. In each
case, we express an “‘output” or dependent
variable as a function of “inputs” or independent
variables of a certain portion of the controller.
1.Basis: Points A, B, C are on the same rod.
Point C Is the output. When A is fixed, C
moves In same direction as B. When B Is
fixed, C moves in opposite direction as A.
Relation: AXc =KgAxg —K,AX, (7)
2.Basis: Change In point B depends on the
change In frequency Aow.
Relation: KsAXs =kA® (8)
3.Basis: Change in point A depends on the
change 1n set point APc.

Relation: KaAX, =K,AR; (9)
Substitution of (8) and (9) into (7) result In
Axe =KAo - KAR (10a)

4.Basis: Points C, D, and E are on the same rod.
Point D is the output. When E is fixed, D
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moves In the same direction as C. When C s
fixed, D moves In the same direction as E.
Relation: AXp = KsAX: +K,AXe (11a)
5.Basis: Time rate of change of oil through the
ports determines the time rate of change of E.

dAX; d , .
nn: =—(oil through ports
Relation: —5— = ¢ gh ports) (12)

6.Basis: A change in D determines the time rate
of change of oil through the ports.

. [dAx
Relation: ‘ df = KsAX, (12)

7.Basis: The pilot valve is positioned so that
when position D is moved by a positive AXp,
the rate of change of oil through the ports
decreases.

. dAx,
Relation: :=—k5AXD (13a)

(More generally, when position D Is moved by
a positive Axp, the rate of change of oil
through the ports becomes more negative).

Now we will take the LaPlace transform of eqgs.
(10a), (11a), and (13a) to obtain:

22



AX. =kKAD— szlﬁc (10b)

AXp = KsAX: + K, AXe (11b)

SAR. — AXc (0) = —k AR, (13b)
where the circumflex above the variables is used

to Indicate the LaPlace transform of the
variables.

Note In eq. (13b) that we have used the LaPlace
transform of a derivative which depends on the
Initial conditions. We will assume that the initial
condition, i.e., the initial change, is 0, so that
Axg(t=0)=0. Therefore, eq. (13b) becomes:

SA%. = —K A%, (13c)
and solving for Ax results In
N
AXg = S AXp (13d)

Let’s” draw block diagrams for each of the
equations (10b), (11b), and (13d).
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Starting with (10b), which isA% =kA®—k,AP, |
we can draw Fig. 6.

Acol
Ky

APc +
—> k2 | -
AXC

Fig. 6
Moving to (11b), which is AXp =KsAR. +K, A% |
we can draw Fig. 7.

AXC
—p| k3 | +

AXD

AXE
k4 -

Fig. 7

: L L
Finally, considering (13d), which is®*e =—= 2%,
we can draw Fig. 8.

AXD
1 ks 1
S

AXE

Fig. 8
Combining Figs. 6, 7, and 8, we have Fig. 9
(which is Fig. 11.2 in text):
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APc +

Fig. 9: Speed governor block diagram

Ks

‘AXE

AXD

ke [*

w |

AXE

We can derive the relation between the output
which Is Axg and the inputs which are AP¢ and
Aw usmg our previously derived equations.
Alternatively, we may observe from the block

diagram that

—k
AR, = —2
= 5

AR, =K AR, + K AR

AR,

Substitution of (15) into (14) yields:
ks (K, AR + k,AR.)

AR =—
Expanding (16) results in:
AR = — ks KA. —£k4A)A(E

S S
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Moving terms in Axg to the left-hand-side gives:

.k . —Kk .
AX: + ?5 k,AX. = TS K AR (18)
Factoring out the Axg yields:
] Ks ) —Ks o ao
AXE(1+ < k4j— < K,AX (19)

Dividing both sides by the term in the bracket

on the left-hand-side provides:
—k

T KAR
ARe = —2 ”
1+—=k, (20)
S
Multiplying top and bottom by s gives:
o — kK AR
Me = Tk, (21)

Now recognizing from Fig. 9 or eq. (10b), that

M. =kAd-K,AP  we may make the
appropriate substitution into eq. (21) to get:

_ K.k .
AR =— (kAo —Kk,AP
E S+k5k4( AD— K, AR ) (22)

Distributing the negative sign through:

A),ZE — k5 k3
S + kK,

(—k,AdD +k,AP.) (23)
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Now factor out k, to obtain:
o kokk, —ko . A
AXE S+k k ( ACO+APC) (24)
Simply switching the order of the terms in the

parentheses:

K Kok, K,
s+ kK, ik AR c 7, A (25)

Divide top and bottom by ksk, to get:

Kk, /K K,
AR, = (AP — L AG
= = ok, +10e Ty A (26)

Now we make three definitions:
Kg = k,k, /K,
1
Kk,
k2
K,
where K¢ Is the controller gain, Tg Is the
controller time constant, and R is the regulation

constant. Using these parameters in (26) gives:

_ KG > _1 A
S 1iT.s Ao TRAY) (28)

AR =

Te =

(27)
R =

AR
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The text Indicates (page 380) that T Is typically
around 0.1 second. Since T Is the time constant
of this system, it means that the response to a
unit step change in AP¢ achieves about 63% of
its final value in about 0.1 second. Figure E11.1
In your text illustrates this.

[1] ftp/Awww.nerc.com/pub/sys/all_updl/standards/sar/Glossary Clean 1-07-05.pdf
[2] N. Cohn, “Control of Generation and power flow on interconnected systems,” second edition,

Wiley,
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