CMR

The unit is supplying a load of 400 MVA. The load changes by 1.5 % for a 1% change in
frequency. Draw the block diagram for the equivalent generator -load system .For an
increase of 10 MVA in the load, determine the steady state frequency deviation and the
response.

INSTITUTE OF USN
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Internal Assesment Test 2 — June-2022
Sub: | Power System operation & Control Code: 18EE81/17EES81
Date: 04/06/2022 | Duration: |90 mins | Max Marks: | 50 | Sem: | 7 [ Section: A&B
Note: Answer any FIVE FULL Questions
Sketch neat figures wherever necessary. Answer to the point. Good luck!
OBE
Marks CO RBT
Derive the transfer function and the block diagram of complete ALFC loop [10]]| CO3 | L2
Draw the block diagram of two area system with necessary equations [10]]| CO4 | L2
Obtain the mathematical model of the ALFC components -speed governor & turbine [10]| CO2 | L3
'Write the transfer function & draw the block diagram of ALFC loop with proportional [10]| CO3 | L2
integral controller
5 A 1000 MVA generator operates on full load at the rated frequency of 50 Hz. The loadis | [10] | CO3 | [4
reduced to 800 MW. The steam valve has an operating time lag of 0.6s.If H=5s, determine
the change in frequency.
6 Consider an isolated generator of 500 MVA , M=8 pu MW/pu Hertz on the machine base. | [10] | CO4 | [4
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1)

Figure 6.17 'Block diagram of governor with droop. '

ETSE St o | '

+ We will now build the mathematical model for each one of the blocks. -+ 7 o e

w A 1 o 1 Irs \ ¥ .-: .l.’ i
0:6.1: Governor Model . . 1 . bun o A il il i VL
The black diy it eed-droop mechanism is shown in Fig. 6.17.°° .

gram of the governor with sp roop speed:
Here, the output oF&pﬁ sensor @ is compared with the r:&r.em sp?d i produ:: t]:let can I::\z:

.ﬁm' We have a reference set point for the output. By adjusting this set point on 2 u; = Itsdiﬂ-'tgance briween - -

ed while holding the system frequency close to the standard frequency. The er:':l; ; Ll: l;" merigng 2

otual power output and reference set point is fed back through the SP.‘"FI_.“E.---.[:“? PRGSO

ton equivalent of Fig, 6,17 is shown in Fig. 6.18(a). 3%

: - ! | APy(s)
59'(5} O Lo 148Tg :
" T ARyle) "R

(c) 1
Figure 6.18 Model of governor.

Figure 6,19 Tor(im acting on a generaror.

T Flg.llt. 6.18(b) and (c) shows how the block diw can be reduced. T is the governor time constant. It can
. be seen that it depends on the speed regulation R and on the gain of the hydraulic amplifier, K.

16.6.2 Generator Model st sk

e o .

. There are two torques acting on a generator: the shaff targice (duc to the prime mover) and the electromag:

 netic torgue, neglecting losses, The shaft torque tends to accelerate the generator in- the positive direction of
rotation and the electromagnetic torque in the negztive direction, as shown in Fig. 6.19.




© Vhere ARy, = frequency-dependent load." .
_Dis expressed as 2 % change in load divided by % change in frequency. For exaimple, if D= 1.5, it means that

" the load changes by 1.5% for a 19 change in frequency. The value of D is with respect to thar parricular_|°“d-'

" If the system base is different from the nominal valuc of load, the value of D must be changed appmpflalch"
‘Considera 1,000 MVA load with D'=1.5. This means that the load would change by 1.5% (of 1,000 MYA)

. 219 change in frequency. If now the system base were to be 800 MVA, then D to be considered on this base 18

-

o

where [is the moment of inertia,
a is the angular acceleration,
T'is the net torque.
Fquation (6.7) can be written as
PR gl

where 6, the rotor angle, is now converted into an angle, measured with Tespect to as}’ﬂnhrt;nousl)' rotating
seference axis such that - : ] 2

4 5. = 8;“ =y 4 H e ¥ wili (6.9) ;
where @,_ is the synchronous speed in radfs, ERUETY :
&, is the angular displacement in rad. > j
. 3 1 e e
: _ i”;?{_m - %;‘:n_ ] (6.10)
Substituting into Eq. (6.8), we get b
d’d 5 iR et d S wiE
I‘Tz'"-_—?—m‘?: N=m R (6.11)
Multiplying both sides by the angular velocity @, we get i
! 6*;‘ =@ (T, -T)N-=m (6.12)

@, = angular momentum or inertia constant
@, T, =P, = mechanical power input at the shaft minus rotational losses
@, T.= P, = electrical power output minus losses
We can write Eq. (6.12) as
d’d,
di’ sk e S
M depends on the speed @_. However, since the deviation in speed is limited, M can be assumed to bea | .
constant, The value of M varies over a wide range _d_cpcnd_ing on the rating and type "f:th': generaror Henee,
2nother constant H is used o specify the :'n_g[gy_mred in (_-he' machine. it s iR Ll

e a

=B -P=PW (6.13)

H= Stored kinetic energy in M]J at synchronous spcoﬂ MJ/MVA (6.14)

Machine rating in MVA

Hi A . : .
salso called inertia constant. It lies in a narrow range for different machines,

l.nd Huc e an follove ; 7]
leg MJ-strech rad S 2 0 - 615)
3 = i St A ai §
Nh“: G=Mva rating of machine. In pu, M=2H. ; s ;
."W;Efi'_(ﬁ.l_i"]canbcw;ittznas : :_ o
'._zﬂdlé'm_P -p vt "(6_'.-16_}' el
@ di G : i

: Wc Czn express Eoéh 5m.:.|m:1. a:_,‘,.‘ ini terms of clectrical mldi_ms to get
B zﬂﬁa= P-P=Ppu
o gF o m

HCI:E. P,_¥ per unit mechanical powet [P, in MW/G]. .
. - @, =synchronous speed in electrical radis -

Eq. (6.17) to get

~ Bquation (6:17) is called the swing equation. We can lingasi

Wi express the speed deviation also in pu to get
AT dAw_ Lap -
T AR}

"' : Taking the Laplace transform we get

ﬁé{: = ﬁ{aﬂ,(ﬁ -AR(5)

I - Eq.(6.20) can be written in a block diagram form, as shown in Fig. 6.20.

. ] AP(s)
Figurs 6.20 Model of generaror.

" e have seen the load models in decail in Chaprer 2. Some loads exhibit variation in active power dzawn

.- -with respect o freq variations. This relationship is given by
& ; ARy, = DAw
“or D=load damping constant :
4 ' po A e 621
Aay -

for




6 Msmadﬂl Model of ALFC
e Dx{ o) 15x 1000 - 1 875 £
Nfs'“““g Inspes, the mge in electrical ousput of the generaror, AP, is equal 1o e Iotd. 'Ihmfm ol
AP = AP+Dﬁm €2)
where AR, = non-fmquency sensitive load Ch,ng, 4 %
pAm = frequency sensitive load change . .. o
Or : AR(s)=AR (:)+ Di\a)(;) : ©23)
Equation (6.22) can be introduced inro Fig. 6.20 to obrain Fig, 621" T S DS
Figure 6.21 Generator + load model.
AR (5) ' i
= % u— . T - sole)
“Fpis) il /
K=
Ll gH
: Tpu =F *
Figure 6,22 Standard first-order model for generator + load,
AR (s)
——r i '.: s
' - Lt i
h - Awls)
148T,, !
-APp(s) : 1
=5
Wi _oH
Tua =D

We are now interested in‘ deriving the effect of change in load on the quuency wxd'lmlt cl'lmge in the .er“_l :
ence sex point. By changing the reference set point, we can set the system to give specificd frequency at any

load point as explained in Fig. 6.7(b). This is a secondary control to be discussed larer. Here, we assume P,

is I(cpt at a constant value so that AP, = 0. We now find the transfer function Aars) From The blnck
diagram of Fig. 6.29, — —AR () 5
. 1 =
Aw(s)=~AR (5) o 2Hs+ f’ : {6.29)
e }+§(2&+D][1+;T¢](1+5Tm) :
(L4571 +5Th) 3
2 = 2 it . (6:29b)

=—AP (5) 1
: (2Hs + D)(1+:T;=)(1+:TTR)+§

The transfer funcrion is given by

T (LT +5T) }

(@Hs + D)1+ To) 1+ 5T )+ 4

Analtarnars et i e R L

2)
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7.2 - Tie-Line Control with Primary Speed Control |
: Let us consider a cwo-arca system as shown in Fig. 7.1. L |

Let us-take the positive power flow to be £y, to be the power flow froim area 1 |
on the tie-line ffom area 1 1o arca 2 is i

-Pn=£“§£ﬂ4{(ﬁ'-5ﬁ Eh . @)
1 5
- where
X=X+ X+ X
Eqmun (i".l) can be linearized abour an initial operating point & = &; and d=d,0

ar, =5 g, - 5,008, 72
\ 2
A8, = A5, —AG, 7.3
LeT= E)‘(—E’ms(ﬁ,n L 8= Py cotlBy = 8 (7:4)
whete Tis called the smehronizing torgue cogfficiens (often designaced as £). ; Figure 7.2 Two-area system with primary loop.
i
Subsdituting Eq, (7.4) into Eg. (7.2), we get P ) | 7.2.1 Change of Load in Area 1
: 2 i - = (7.5) L fiie g
e em e AR =T(84-A8) Consider 2 load change of AP, in area 1. When the system has reached a sveady stare, boch arcas will have
The bk : represencation of the rwo-area system with only primary, control is shown in Fig. 7.2 sme steady-state frequency deviations. Therefore, ! 4
A positive AP,, means an increase in’ power flow from area 1 ro 2. This is cquivalent to 2 |u;:i incnii;:: 3 Awr=Aa), = Ao, (7.6)
‘area 1 andfor decreasing load in area 2. Therefore, the feedback from AF,; has a negatine sign for-arca foe 4 ) . £ e the riechiiniéal
: Srrye ; f foad. = Af = Af. Remember that i pu both Af and Acr are the same). IE-we assume the nechuinics
posm. ve ngn for area 2. We will now see how’.l.lc system b.chavcs for a change in the Joa poves ‘wmnmzm I A e e e e G e
o latlons called synchronizing ascillations, For arca 1, we can write :
AP, — APy~ AP, = Ao, 7
Forarea 2, we have %
AP+ AP, = AD; 78
We have fusther
ar, =3 :
A - 7100
AP, = sz 5 o i

o

% gt - Pk (7.11)

| ' 3 “iﬁl[i‘*ﬂz]
and . S Mu:&ﬂ-'(‘ﬁl:'f'ﬂ! = Rz {112]
it Y (L doen)

Equations (7.7) wo (7.12) are for the new steady-state conditions afier load change. The new tie-line
power flow does not relquire a Imuwln:lgl: of the stiffness constant, as seen from Eq. (7.12). However, T
is required 1o know how much phase angle differznce will resule across the e due w the new tic-line
power flow. : : e 4 3

Equarion (7.11) can be wrirten as

e
4ad ol AP _M'[-'%I*DI]'I _AP, B,

RN

B and B, are the composite frequency response characteristics of area 1 and area 2; respectively.

7.2.2 Change of Load in Area 2
- Consider a rl-n..a.ng: of AF,, in the load of area 2. We get the following relationships:
'- : AP~ AP = AwD,
: AP +AP, - AP, = AaD,
“From Eqgs. (7.15) and (7.9)

%t _Muz'.m[ﬂl‘f“%]
From Egs. (7.16) and (7.10)

anc-a2iso(p )

| stitting Eqs, (7.9) and (7.10) in Eqs. (7.7) and (7.8), respectively, we gt




L

Addiog Egs. (7-17) and (7.18), we get

from Eg: {7.17)

AR _ﬂ] + i )
AP = _LH - ! :
[ -ﬂ.l+ﬂ1 ; AP, © 7.20)

7.2.3 Change of Load in both Areas

[f we have a simultaneous change of load in both the areas, we get gt o :
Al oy = APy - AR, = AaD, (g
AP, + AP, - AP, = AaD), | ; : (7.22)
Adding Egs. (7.21) and (7.22) we ger ' -
-AF, — AP, = (AwD; =~ AP,)) + (AwD, - AP_)

: =i}m{ﬂi_+ﬁ]+ ﬁ.m[.‘:‘rﬁﬁj
=Aw(f + )
(AR, + AR,)
B+ 5,
—Af, - B Af,
MJ‘=,E+,{€'_,_:;rr ﬂﬂ-ﬁ
—T[ ﬂﬁ_uﬂz"' M!.E.Iﬂll . {?24] .

We can observe from the above discussion that with mfy primary governor control, load d-bangf in '5”1'“‘-" of
ht areas will ],ﬂ,d I a ﬂcadjr.smm de“ﬂnﬂn 15 rrequﬁnl:j" of both areas. 3 Prear L

S A= {7.23)

3)
Steam : :
Click on Sii
o=
Lowe
Tr Control valve
= Speed changer
Raise T.ch ~ 4P T i i
# 2 3 — To turbine
___.-—o—-—___o
A (ad
1x 4 ]Prsfl .:i,1xs~xs_]f LHEMJJ.DV
Pilot D
Main piston
\ Speed governor

e
Hydraulic amplifier

Figure 9-7 Simplified functional diagram of the primary ALFC loop.



megawatt increment AP, . This flow increase translates into a turbine power
increment AP, in the turbine (not shown in the figure).

Very large mechanical forces are needed to position the main valve (or gate)
against the high steam (or water) pressure, and these forces are obtained via
several stages of hydraulic amplifiers. In our simplified version we show orily
one stage. The input to this amplifier is the position x, of the pilot valve. The
output is the position x; of the main piston. Because the high-pressure hydraulic
fluid exerts only a slight differential force on the pilot valve, the force
amplification is very great.

The position of the pilot valve can be affected via the linkage system in three
ways:

L. Directly, by the speed changer. A small downward movement of the linkage
point A corresponds to an increase AP, in the reference power setting.

2. Indirectly, via feedback, due to position changes of the main piston.

3. Indirectly, via feedback, due to position changes of linkage point B resulting
from speed changes.

It should prove a useful exercise for the reader to find, qualitatively, the
workings of the mechanism. For example, give a “raise ” command to the speed
changer and prove that this indeed results in an increase in turbine output.
Prove also that a speed drop will give the same effect.

Presently we shall give a quanritarive description of the mechanism.

In the analysis to follow, incremental movements of the five linkage pein
A+ E in Fig. 9-7 are of particular interest. In reality these movements a
measured in millimeters but in our analysis we shall rather express them
power increments expressed in megawatts or per-unit megawatts as the case
be. The movements are assumed positive in the directions of the arrows. T
governor output command AP, is measured by the position change Ax.. T
governor has two mputs:

I. Changes AP, in the reference power setting
2. Changes Af in the speed of frequency of the generator, as measured by Ax,

An increase in AP, results from an increase in AP, and a decrease in Af.
thus can write for small increments
1
AP, = AP — R Af MW (9-2

The constant R has dimension hertz per megawatt, and is referred to
regulation or droop. (For numerical values see Example 9-2 below.) Lapl

transformation of Eq. (9-21) yields
1
AP,(s) = AP o(s) —  Af(5) o

Using well-known block diagram symbols we have represented the gover
as shown in Fig. 9-8.



9-3-2 Hydraulic Valve Actuator

The input position Ax, of the valve actuator increases as a result of an incre
command AP, but decreases due to increased valve output, AP, . Equal i
creases in both AP, and AP, should result in Ax, = 0. We can thus write

Ax,=AP,— AP, MW (9-

For small changes Ax,, the oil flow into the hydraulic motor 1s proporti
to position Ax,, of the pilot valve. Thus we obtain the following relationship
the position of the main piston:

APy = ky [ Axp dt (92

The positive constant k;; depends upon orifice and cylinder geometries
fluid pressure.

Upon Laplace transformation of the last two equations and upon elimi
tion of Ax, we obtain the actuator transfer function

AP, 1
G e e — -
T ©
: Afls)
! T,
|
! % ! ! APy = AP
?‘d&, iI 1 I‘APF  las, ap, _|  lap,-ap,
5 i sl —+ G — —
I \:?J | H |' r R E r S
"-ﬂ —_———————
Governor Hydraulics Turbine generator

Figure 98 Linear model of the primary ALFC loop (minus the power system response).

where the hydraulic time constant

T

=3
kﬂ'
typically assumes values around 0.1,

The hydraulic valve actuator has been represented by the transfer function
Gyls) in Fig. 9-8.

4)



fesponss it :h:t;d d11=ngt:irrﬁpcﬂi':'t of the location of the Iuad.l
Bak E;.;Stuﬁl.inn of the system frequency to the scheduled value requires supplementary control to change the

loac i ndary i f controlling pri
R int. This seco conurol, called AGC, becomes the basic means o lling prime
:":l:i::m;“ n-s.nr]c?nt'.ﬂut :ariatinn: af the system load. The controller should satisfy the following™™:

_» Stable cdlosed loop control operation,
s Keep frequency deviation to a minimum
~ s Limit the integral of the frequency error
* Divide the load economically
In an isolated system as considered here, there is no interchange power to be considered. T_'h: funcrion of the
AGC is purely 1o maintain the frequency at the scheduled value. This is achieved by adding a proportional
integral controller in the feedback path to change the load reference setting depending on the frequency devi-
ation. From control theary it is known that the steady-state error of a proportional integral controller is zero,

_u;_*ﬁ.sf' Proportional Integral Controller .

The proportional integral controller is added ro the ALFC as shown in Fig. 6.35(a), along with the reduced
models in Fig, 6.35(b) and 6.35(<).

I'—‘APLM
“ 1 . 7| Asia)
1_ (1+5Ts) (1+5TrR) (L) Hs+D | |
AFis)
A5}
+R 1
l (1+5Tg) (1+8Tpg)
by
-AF,
——1{?@ ___ﬂ'":rﬁl (1+8Trg) Aax(g)
S2Hs5 +0) (14-8T,) (1+8Tpp) 4K, 4 %]
© LETE: 2

_. ﬁw_rt 6.35

l . ted by the integral controller must be of R 2 R s
The signal generate g t be of appusice sign to Aw(s) (be ARGY Tk s o,
that it : . F.': lnﬁi{i:]] :rﬂsmuug S m:‘_ m_-fﬂ.ﬁﬁfi} ‘must. be ﬁ;{tﬁ;ﬁ{imﬂm&j
graror bh:,ga’:]}.r] oy WAL @ negative sign.. K, iself is positive. It can -b';'.;tml-"r_h'ai i
Aole)= :._;'-_—T(;} for a step change in load, From Fig. 6.35(0), \w: o ﬂuthm ﬁ e !
Hence, the steady-state _fn‘.’qutnt_:y deviaton is zero, The ﬁ“lilﬂnt}' e ML e n—m.{: Id{;)}:n,_
{ACE). The additional signal which controls the power secting is the integral of the ACEM' conrrol ot |
The integral controller can also be represented in terms of the dpsteni coriedin i fall:;m: %

Af(s) o 4 oK1+ 5T +5T)
“AR () :
A+ TSI 5T )k, (K, + %)

" (e35)

The command signal is given by AP, = —F(!J-ACE ds, where &, is the integral gain constant which
controls the rate of integration, The steady-state deviation is driven to zero, ircespective of the choice of
the integral gain and R. We thus now have rwo paramerers, K;and R, to conrrol the ri].rnslmic response
of the system. The integrator.output is zero only when the speed deviation is zero. Under this am:fi)
aPnf= 0.

This supplementary control is much dower than the primary speed control action. It comes into effesr o
only aftet the primary control has stabilized the system frequency. The primary control acts on all unies with
speed regulation, whereas AGC adjusts the load reference senting in only a few selected units. The outputs
of these units averride the effect of the composite frequency regulation characteristics of the system and in
the proess force the generation of all other units not on AGC to scheduled values. .

Tion,




5)

Solution .
Ler the kineric energy stored initially at nominal frequency be KE,. Let the kinetic ene ' :
: frer the

in load be KE, at a frequenc al iy i o  anctic energy after the change
Thesefore, quency equal to fj + Af. The kinetic energy is PI‘bpﬁttlDllﬂ to (frequency)’ or o,

| R b4
| KE, . i i 5

| fefrtr=f [EE

The kinctic energy stored in the rotor initially is GH.

GH =1000%10° % 5=5x10° kW-s

When the load drops sud;:lmly, the mechanical power output remains a:'lt]liUMW The excess power
(1000 — 800) of 200 MW is converted to kinetic energy. The amount of kifietic energy input to the rotating
masses in 0.6s is given by ; ' :

| | KE=200x10"x06=12x10kW-s
! }nm total kinetic energy after change in load is sum of the two. Using the expression for f dmved 'bq“,' ".h°,
Tequency at the end of 0.6s is ; ;

_ 5x10‘+1.2x10’)_’__50‘5%}{:
Za [ 5%10° ' :

6)
A\ A"

RO o L viwzP L

(Refer example 6.5 where it is solved graphically) b S
 Choose a base o 200MW, D=0 '}b‘-f'—
R, =0.04pu (on 200 MW base) Lq\’ \f’e‘
. Ry=0,05% 298 20,025 pu (o

- Ry =0.05x £00=0.025 pu (on 200 MW base) @ i
® . AR =—20(IMW‘{decrm}| \n‘ﬂﬂ

i =-Pi-—'l .

ﬁ@nz—‘_ﬁ—-—lph_= =(=1) /
3 O B N e P
e B Y
Frequency at new load = 1.01538 pu e weJ

=50.769Hz




ps e

AP =
=-0.3845x200 - , § i
STRHMW N R e e

B =200-76.9=123.1MwW :

AR == - -0.01538 _ At
LR T izg o DDA

=-123.04 MW

B, =400-123.04 = 276,96 MW
B+P =P =400 MW ;
Now D= 1.5 e
—AR
Am, = 1 . o5 1 - =0.01504pu .
_+_1._+D __]-_+_,_1_+15 z
RR, 0.04 0025 T i
Frequency at new load = 1.01504 pu
=50.752Hz
, _ =0.01504 T,
AR =000 x 200 = 75.2MW
1 =200-752=124.8 MW
_ 001504 0
AP = 0.025 =x200= 120.32W
P, =279.68 MW
DA® = increase in load due to fmqucncy Cl:la.rlEl:: 1.5x0.01504
=0.02256 pu S
=0.02256 % 200
=4.512 MW
B+ P =4045MW vy R

=01 +DAw



