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Abstract: - Generator voltage control may be modeled assuming the terminal bus as a PV bus or a variable voltage source behind the synchronous reactance connected to the voltage controlled terminal bus. Voltage control is lost when generator reactive power is exhausted. Generator terminal bus should be a PQ bus or a fixed voltage behind the synchronous reactance connected to the terminal bus. This paper shows that maximum transmission of active and reactive power to the load is the same, provided the terminal voltage is kept controlled. However, if voltage control is not maintained in the terminal bus, different models lead to different maximum loads that can be supplied by the network.   
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1
Transmission Network Loading Assessment

Consider a two-bus system composed of a generator, a transmission line and a load. It is possible to analytically determine the load bus voltage magnitude and angle at the operating point corresponding to the maximum active and reactive power flow transmitted to this load bus, provided it is assumed constant power factor [1]. Therefore, it is straightforward to calculate voltage magnitude drop as well as voltage angle displacement from generator to load when maximum power is transmitted to the load.

Network loading evaluation may me performed at any operating point by comparing its load bus voltage with the critical bus voltage, i.e. the bus voltage corresponding to the maximum load. In other words, it is compared the voltage drop and displacement of the operating point under analysis with the critical drop and displacement. It is straightforward to determine if the operating point under analysis is in the usual region of operation, i.e. in upper half of the P,Q x V curve, and the "distance" to the maximum power transmitted to the load.

The voltage magnitude drop and the voltage angle displacement between generator and load voltages may be interpreted as the active and reactive power transmission "strain" [2]. The transmission line series impedance between generator and load is responsible for transmission "strain".  

The generator classical model of a voltage source behind the synchronous reactance may be adopted for steady-state studies [3]. Considering the last paragraph, it seems clear that the voltage drop and displacement should be measured from a bus with constant voltage magnitude (there is no bus with constant voltage angle, but one with reference angle). Starting from this idea, it is possible to state that:

i) if generator terminal voltage is controlled, and therefore constant, the generator model may be the PV bus model, which is used in load flow studies,

ii) if generator terminal voltage is not controlled, and therefore not constant, because the excitation capacity is over, the generator model should be the internal bus with constant field voltage behind the synchronous reactance.

Adhering to that, M.K. Pal states in the discussion of reference [4] that:

“It is not appropriate to handle generator reactive power limits by changing generator terminal bus from PV to PQ bus. When a generator reaches its reactive limit, the correct procedure is to model the constant field voltage behind the synchronous reactance”.

2
Numerical Tests

In order to verify the influence on the transmission network loading assessment the following generator models are tested: when generator voltage terminal is controlled: i) PV bus, ii) variable field voltage behind synchronous reactance; when generator terminal voltage is not controlled because reactive power reached maximum limit: iii) PQ bus, iv) fixed field voltage behind synchronous reactance.

2.1
Illustrative Test-System with 3 Buses

The 3-bus system of Fig. 1 is used in this section for illustrative tests. When generators internal buses are included, the test system has 5 buses as shown in Fig. 2. The 3-bus system busbar and branch data are shown in Table 1, while data for the 5-bus system are the same but with synchronous reactance X13=X24 = 4.00%  
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Fig. 1

 3-Bus Test System
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Fig. 2

3-Bus Test System with 2 Internal Buses Added

Table 1 – Data for the 3-bus system

Bus
Voltage
Generation
Load
Shunt

n( / type
V

(pu)
(
(deg.)
P

(MW)
Q

(MVAr)
P

(MW)
Q

(MVAr)
Yc

(MVAr)

3   V(
1.05
0
200
-
-
-
-

4   PV
1.01
-
600
-
-
-
-

5   PQ
-
-
-
-
800
300
440

From
To
Resistance

(%)
Reactance

(%)
Susceptance

(%)

3
4
0.00
2.00
0.00

3
5
0.00
2.00
0.00

4
5
0.00
2.00
0.00

2.2
Test N( 1

Load at bus 5 was increased keeping power factor constant using a Continuation Power Flow algorithm. This was done in the 3-bus system where buses 3 and 4 are voltage controlled ones, i.e. buses 3 and 4 are PV buses. Load bus at bus 5 was also increased in the 5-bus test system where synchronous reactances are included between buses 1 and 2 and also between buses 2 and 4. Buses 1 and 2 do not have voltage controlled and they are respectively a ( bus and a P bus. Buses 3 and 4 are PQV buses and their voltages are remote controlled by buses 1 and 2.

Table 2 shows four different operating points corresponding to four load levels: the base-case load 800 MW + j 300 MVAr, an increased load of 1140 MW + j 427 MVAr, a further increased load of 1626 MW + j 609 MVAr, and the maximum load that can be supplied by the transmission line of 2010 MW + j 753 MVAr. Table 2 shows bus voltages for each load level and for both systems. The table also shows the load Sinj in MVA and the maximum load Smax that could be fed in MVA [5]. 

The analysis of Table 2 reveals that the maximum power flow that can be transmitted to the load bus is the same for both systems and that the operating point is the same for both systems. Therefore, both models can be used without affecting the maximum load: the generator terminal bus as a PV bus and the variable voltage behind the synchronous reactance connected to the generator terminal bus. It has to be noticed that the terminal bus of both generators remained voltage controlled for all loads.

Table 2 – Test N( 1 - Load increase at bus 5

3-Bus system
5-Bus system

P5
(MW)

Q5
(MVAr)
V3((3
V4((4
V5((5
Sinj
Smax
(MVA)
P5
(MW)

Q5
(MVAr)
V1((1
V2((2
V3((3
V4((4
V5((5
Sinj
Smax
(MVA)

800

300
1.050(0.0

1.010(3.0

1.054(-7.0
854

4427
800

300
1.073(0.0

0.984(7.9

1.050(-2.0

1.010(0.9

1.054(-9.1
854

3422

1140.6

427.7
1.050(0.0

1.010(0.6

1.009(-12.4
1218

4099
1140.6

427.7
1.107(0.0

1.011(2.0

1.050(-5.3

1.010(-4.7

1.009(-17.7
1218

3278

1626.2

609.8
1.050(0.0

1.010(-3.0

0.913(-21.7
1737

3447
1626.2

609.8
1.188(0.0

1.070(-6.1

1.050(-9.5

1.010(-12.5

0.913(-31.2
1737

2977

2010.0

753.7
1.050(0.0

1.010(-6.5

0.687(-37.9
2147

2149
2009.6

753.6
1.351(0.0

1.208(-12.3

1.050(-11.5

1.010(-18.0

0.692(-49.0
2146

2167

Smax is an estimate of the maximum load that could be supplied [5]. It is calculated for each operating point and thus valid only on that point. It is an alternative to the Continued Power Flow, especially useful when dealing with large systems and contingencies. 

The difference of 0.02% in the values of maximum Sinj (2147 & 2146 MVA) is due to the different calculations performed with the two systems. The same is true for the voltage magnitude at bus 5 (0.687 & 0.692 pu) as well as for the voltage angle at the same bus (-37.9 & -37.5 degrees) both referred to the reference voltage angle at bus 3. 

Incidentally, the values of voltage magnitudes are completely outside the normal range of operation and, therefore, are valid only for demonstration purposes.

The maximum power flow that can reach the load bus is the same for both models for all values of synchronous reactance. It is also interesting to realize that the maximum load is independent of the synchronous reactance (2010 MW + j 753 MVAr). 

2.3
Test N( 2

Terminal bus 4 losses its voltage control due to the exhaustion of reactive power of that generator. Bus 4 changes status from PV to PQ in the 3-bus system, while changes status from PQV to PQ in the 5-bus system. In the 5-bus system, bus 2 changes status from P to PV because the excitation voltage is now fixed. 

It is supposed that voltage at bus 4 is no longer controlled for loads greater than the one of Table 3. Therefore, reactive generation at bus 4 of the 3-bus system is now fixed in 112.2 MVAr. Furthermore, voltage magnitude at bus 2 of the 5-bus system is now fixed in 0.995 pu.

Table 4 presents the results of Test No 2. Maximum load at bus 5 of the 3-bus system is 1820 MVA, while it is 1925 MVA for the 5-bus system. It is concluded that different models lead to different maximum loads when generator terminal bus voltage is not controlled. The operating points at the maximum loads are different, of course.

Table 3 – Operating point where voltage control at bus 4 was lost
3 Bus system
5 Bus system

P5
(MW)

Q5
(MVAr)
V3((3
V4((4
V5((5
PG3

QG3

PG4

QG4
P5
(MW)

Q5
(MVAr)
V1((1
V2((2
V3((3
V4((4
V5((5
PG1

QG1

PG2

QG2

955.2

358.2
1.050(0.0

1.01(1.9

1.035(-9.4
355.3

182.1

600.0

112.2
955.2

358.2
1.087(0.0
0.995(5.2

1.050(-3.6

1.010(-1.7

1.035(-13.0
355.3

211.0

600.0

-39.1

Table 4 – Test N( 2 - Bus 5 load increase after loss of voltage control at bus 4 

3 Bus system
5 Bus system

P5
(MW)

Q5
(MVAr)
V3((3
V4((4
V5((5
Sinj
Smax
(MVA)
P5
(MW)

Q5
(MVAr)
V1((1
V2((2
V3((3
V4((4
V5((5
Sinj
Smax
(MVA)

1174.5

440.3
1.050(0.0

1.048(0.2

1.029(-12.5
1254

3512
1174.5

440.3
1.121(0.0
0.995(1.7

1.050(-5.6

0.998(-5.2

0.996(-18.7
1254

2979

1444.5

541.5
1.050(0.0

1.003(-1.6

0.950(-18
1543

2982
1444.5

541.5
1.180(0.0
0.995(-2.3

1.050(-7.8

0.979(-9.3

0.932(-26.4
1543

2776

1704.8

638.5
1.050(0.0

0.886(-3.3

0.751(-29.5
1820

1824
1802.9

675.9
1.374(0.0
0.995(-6.3

1.050(-9.6

0.908(-13.9

0.702(-43.3
1925

1935

It is not important to determine the more conservative model, i.e. the one that leads to the smallest maximum loading. The generator terminal voltage control model should be the fixed voltage behind synchronous reactance when the reactive power generation reaches limit and the terminal voltage is no longer controlled. That is because this model is nearer the equipment physical reality. 

The value of maximum load depends on the location of the voltage controlled buses and the impedances between them and the load bus under analysis. Using the PQ model, bus 3 is the only voltage controlled bus. Meanwhile, using the constant voltage behind the synchronous reactance model, bus 3 and bus 2 are voltage controlled and this is an advantage for a better power flow transmission to bus 5. The remaining question is the value of the synchronous reactance included in the network between buses 4 and 2. If it is too big, the advantage of another voltage controlled bus may be overwhelmed. 

3
Tests with the Brazilian System

The objective is to evaluate the numerical difference on the maximum load for the two models when terminal voltage is not controlled using a large system. Reactive power is at the limit in generators connected to buses 10 and 253. They belong to different utilities. 
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Fig. 3 (a) Diagram of Area 1 around Bus 10

[image: image4.wmf]1633

TR

254

251

1629

1622

1626

1672

1624

1671

280


Fig. 3 (b) Diagram of Area 9 around Bus 253

Table 5 - Estimate of the maximum load for each bus:  Smax (PQ) buses 10 & 253 modeled as PQ buses,     Smax (Xs) model includes fixed internal voltage behind the synchronous reactance

AREA =  1 

 Bus No
Bus name
Voltage
Sinj
Smax (PQ)
Smax (Xs)

10
ANGRA-1--1MQ
1.010
6.611
27.4
28.3

104
C.PAULIS-500
1.059
0.0
70.6
70.2

105
ANGRA----500
1.070
0.0
53.2
53.6

106
ADRIANO--500
1.063
0.0
64.3
64.1

107
GRAJAU---500
1.051
0.0
64.3
64.0

108
S.JOSE---500
1.068
0.0
58.9
58.7

109
ADR-ANG-F500
1.065
0.0
48.3
48.0

141
ADRIANO--FIC
1.055
0.0
52.6
52.2

169
S.JOSE---138
1.025
5.124
53.7
53.3

172
IMBARIE--138
1.020
0.0
26.5
26.4

179
GRAJAU---FIC
0.994
0.0
80.9
80.3

1672
MADUREIRA138
1.002
0.083
62.6
62.1

AREA =  9

 Bus No
Bus name
Voltage
Sinj
Smax
Smax

251
N.PECANH-138
1.013
0.0
42.5
42.2

253
FONTES---5MQ
0.980
0.470
10.2
10.2

254
FONTES---138
1.013
0.0
42.4
42.1

255
P.PASSOS-2MQ
1.010
0.997
6.5
6.4

256
P.PASSOS-138
1.016
0.164
30.9
30.7

270
CORDOVIL-138
1.030
0.0
41.0
40.6

271
MERITI---138
1.015
0.616
40.7
40.3

275
CASCADUR-138
1.002
0.933
63.2
62.7

280
A.BRANCA-TAP
0.988
0.0
24.9
24.8

1600
W.LUIS---138
1.027
0.386
42.3
42.0

1622
TAPGUANDU--1
1.000
0.0
17.3
17.2

1623
TAPGUANDU--2
0.991
0.0
17.6
17.6

1624
GUANDU---138
0.995
0.375
11.2
11.2

1626
LAMEIRAO-138
0.980
0.421
8.6
8.6

1629
N.IGUACU-138
0.995
0.647
20.4
20.3

1633
GUADALUP-138
0.998
0.510
29.5
29.3

1671
BERNARDINO
0.995
0.080
19.8
19.7

Table 5 shows an estimate Smax of the maximum load for each bus of the unifilar diagram of Fig. 3. The column named Smax (PQ) shows the results when buses 10 and 253 are modeled as PQ buses, while column named Smax (Xs) shows the results when the model includes a fixed internal voltage behind the synchronous reactance. Comparing the two columns, one could say the values are identical, except for small differences.

Bus 10 synchronous reactance is 22.4% and the transformer reactance is 1.97%, while bus 253 synchronous reactance is 292% and the transformer reactance is 6.84%. As the synchronous reactance is much bigger than transformer and other branch reactances, the generator internal bus is electrically as far from the terminal bus as other buses with voltage controlled by generator, SVC or LTC. Therefore, there is no meaningful numerical difference between the values of columns Smax (PQ) and Smax (Xs), even for buses near by bus 10 such as buses 104, 105, 107 and 108, and near by bus 253 such as 251, 254, 256, 1622, 1623 and 1671.     

4
Conclusions

Generator voltage control may be modeled assuming the terminal bus as a PV bus or a variable voltage source behind the synchronous reactance connected to the voltage controlled terminal bus. Therefore, maximum transmission of active and reactive power to the load is the same, provided the terminal voltage is kept controlled. Numerical tests with both models have proved that. Furthermore, a theoretical analysis (not shown in this paper) of the matrices used for the margin Sm calculation has led to the same conclusion. 

Voltage control is lost when generator reactive power is exhausted. Generator terminal bus should be a PQ bus or a fixed voltage behind the synchronous reactance connected to the terminal bus. Numerical tests have proved that different models lead to different maximum loads that can be supplied by the network. Again, a theoretical analysis of the matrices used for Sm calculation has led to the same conclusion.  

A further test was performed with the Brazilian system. Voltage control was not present in two generators of different areas. Sm was calculated for the buses nearby with the two models. The numerical difference was considered small. That was due to large value of the synchronous reactance when compared with the transformer reactance and other nearby branch reactances. 

The problem addressed in this paper was the transmission network loading assessment. This is not to be mixed up with the load flow problem where it is valid to model the generator as a PV or PQ bus depending whether excitation keeps voltage controlled or not. In the same sense, the addressed problem is not to be confused with dynamic stability studies where generator dynamic models are to be used.
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