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I. INTRODUCTION 

The purpose of this report is to present the final results of the analysis 
of the electrical distribution system and standby generator capabilities 
of the Very Large Array (VLA) site. This analysis was initiated to study a 
problem of parallel generator instability at the site during emergency power 
service to the VLA antennas when operated in certain configurations. The distri-
bution network consists primarily of three 7200/12470 volt three phase under-
ground cable runs of length between 11 and 12 miles each. During loss of 
commercial service, two 500 KW diesel engine driven generators are utilized for 
standby power. Past experience has indicated that these two generators can 
supply the emergency load satisfactorily when one or more of the three cable 
runs are disconnected or shortened by the opening of sectionalizing switches. 
When all three complete cable runs are connected, site personnel have reported 
that one generator consistently trips off the line generally through the initiation 
of a reverse power relay. The remaining generator has been able to supply the 
critical site load although it was reportedly in an overload condition. Attempts 
to document a typical sequence of events during loss of commercial service have 
led to somewhat contradictory information although some test data has been veri-
fied through simulation in this analysis. 

The primary objective of this work is to determine the most economical 
system modification which will permit parallel generator operation under site 
critical load with all cable runs in service and all antennas on line in any 
of the four configurations. VLA site consultants have recommended the instal-
lation of two 100 KVA shunt reactors at two locations on each of the three 
cable runs. Complete analysis of the generator control functions must be made 
to determine if an alternative method could permit stable parallel operation. 
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This work was scheduled in two phases. The first phase consisted of a complete 
steady state analysis of the electrical distribution system to determine the 
potential size and location for shunt reactive compensation of the cable system. 
In addition, the generator and generator control systems were analyzed from a 
preliminary simplified model to obtain a feeling for the need of the shunt 
reactors and any potential problems for their installation. The results were 
documented in Reference [17]. The second phase consisted of a full transient 
stability analysis of the two generating systems with and without shunt reactors. 
The purpose of the second phase was to confirm the preliminary conclusion that 
shunt reactors are required, and to detect any possible problems which may be 
created by the shunt compensation. This report is a comprehensive summary of 
the first and second phases and contains a full description of the analysis and 
conclusions. 
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II. STEADY STATE SYSTEM ANALYSIS 

This chapter is concerned with the steady state analysis of the VLA 
electrical distribution network and emergency generator systems. The analysis 
assumes sinusoidal balanced steady state with constant speed, constant voltage 
generator supply. The simulation and analysis are divided by components in 
the following sections. 

2.1 Cable Model 
The three cable runs serving the VLA antenna loads consist of 

3-1/c #2 AWG Alum, 175 mils high molecular weight Polyethylene 15 KV primary 
concentric UD cable [1,2]. The electrical characteristics of this cable were 
computed as follows using the methods of references [3, 5, 6]. Line charging 
shunt capacitance per phase equivalent, 

_ _ 0.00736 K 
i D 

10 d 

where C = capacitance in yf/1000 ft 

K = dielectric constant of insulation 
D = diameter over insulation 
d - diameter over conductor. 

Using D = 0.71", d = 0.36", K = 2.3, the single phase equivalent line charging 
capacitance is computed as: 

C = 0.0574yf/1000 ft 
This number agrees with typical values in reference [5], and the manufacturers1 

data provided in reference [4]. 
The single phase series impedance equivalent is computed as the positive 

sequence impedance from the single phase self impedance minus the mutual im-
pedance of the conductors. 

Z , = Z - Z series self m 
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From references [3, 5, 6], 

Zself = tRa + 4'788 x 10"5 x 2irf] 

+ j 2irf[6.618 x 10"4 + 6.096 x 10"5 In 2 4 ^ JpTt ] 
a 

where R = conductor resistance a 
GMR = geometric mean radius in feet a 
p = earth resistivity 

f = frequency 
using R =0.317 ohm/1000 ft, GMR = 0.00831, p = 100 meter ohms, f = 60 Hz a a 

Z = 0.335 + j 0.292 ohm/1000 ft. selr 
Similarly, 

Zm = [4.788 x 10~5 x 2irf] + j 2irf[4.681 x 10~4 + 6.096 x 10"5 In »/p7f ̂  ] 
V m 

where S depends on conductor installation. Considering the direct burial to m 
be flat trench spacing of 7.5" between conductors, 

3 s = m 
so that 

S = /7.5 x 7.5 x 15 = 9.45" = 0.7875' m 

Z = 0.018 + j 0.1878 ohm/1000 ft. m 

Thus the series single phase equivalent impedance at 60 Hz is, 

Z . = 0.317 + j 0.1042 ohm/1000 ft series J 

or 

R . =0.317 ohm/1000 ft series 

and 

L . = 0.276 x 10 3 h/1000 ft. series 
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Examination of the frequency variation of the self and mutual impedances 
clearly shows that the resistance and inductance values above are independent 
of frequency. The following single phase equivalent PI section was used to 
simulate the cable runs. 

C = 0.0574 pf/1000 ft. 
All of these values agree with typical values of references [5, 6] and the manu-
facturer's data of reference [4]. 

Several cable sections are of the order of two to three miles in length. 
The error in using a lumped parameter model for these large sections was com-
puted. In reference to the distributed parameter model of a ten mile line, 
the error of the lumped parameter model was found to be less than 1% [6]. The 
cable network was thus simulated by the single phase equivalent circuit of 
Figure 1 with each R, L and C being equal to the distributed parameter value 
times the appropriate line length. 

2.2 Load Model 
The system was analyzed in response to existing full load and proposed 

site critical load. The existing full service load was estimated from the 
transformer installations shown in reference [1]. Proposed site critical loads 
were taken from data provided in reference [7]. The loads used were: 

R L 

C/2 

Figure 1 
where R = 0.317 ohm/1000 ft 

L = 0.2764 x 10"3 h/1000 ft 
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Load 
Name 

a) MD1 - 750 KVA TFMR 
Pump house, etc. 

b) MD5 - 500 KVA TFMR 
Cafeteria, etc. 

c) MD6 - 750 KVA TFMR 
Control Bldg., etc. 

d) W1D - 275 KVA 
Antenna Assembly 

Existing Full 
Load (.85 pf lag) 

300 KVA 

200 KVA 

200 KVA 

100 KVA 

25 KVA 

Proposed Site 
Critical Load (.85 pf lag) 

12.8 KVA 

0.0 KVA 

8.6 KVA 

0.0 KVA 

11.0 KVA e) Each of 27 
Antenna Locations 
(plus 10 KVA during stow, 5 antennas at a time) 

A constant impedance load model was used in the analysis as follows: 
I 

+ 

7200 £I 3 (P3* + * V = > 

+ 

7200 /O 
jX 

R 

O-

SlN-'ln"1* = I (P)3* + J V SIN = ' l n " 

- |v |2 Y* = Hisil 1 In1 R - jX 

Figure 2 

The equivalent single phase constant impedance load model used for given 

P3<|> + jQ34> w a s 
3|Vln|2 

R + jX = -Ln 
p 3 r j % 

For example, the MD1 proposed site critical load was simulated as a constant 
impedance tie to ground of 
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- = 1111 x 3 
(12.8 x 0.85 - j 12.8 x 0.53) x 103 

= 15.29 + j 9.47 ohms/phase. 

This type of load modeling is acceptable provided the line to neutral voltage 
magnitude does not change substantially between no load and full load. 

2.3 Generator Model 
For purposes of the steady state analysis, the two 500 KW generators and 

associated control systems were simulated as an ideal voltage source as 
follows: 

Main bus to network 

7200 A (±) 

Figure 3 

2.4 Network Model 

The entire VLA site was modelled using a 74 Bus 73 Line single phase 

equivalent with bus numbers assigned to bus locations as follows: 

Table 1 
Bus # Bus Description 
1 MD1 - 277 volt generator terminals 
2 MD2 -7200 volt side at 750 KVA Gen. TFMR 
3 MD3 - 7200 volt side at 750 KVA Control Bldg. 
4 MD4 - 7200 volt side at 500 KVA Cafeteria 
5 MD5 - 277 volt side at 500 KVA Cafeteria 
6 MD6 - 277 volt side at 750 KVA Control Building 



Table 1 (continued) 

Bus # Bus Description 
7 TW1 - 7200 volt 
8 TW2 - ti 
9 TW3 - ii 
10 TW4 - ii 
11 TW5 - it 
12 TW6 - ii 
13 TW7 - ii 
14 TW8 - ii 
15 TW9 - ii 
16 TW10 - it 
17 TW11 - it 
18 TW12 - ii 
19 TW13 - ii 
20 TE1 - it 
21 TE2 - ti 
22 TE3 - ti 
23 TE4 - ti 
24 TE5 - it 
25 TE6 - ii 
26 TE7 - ii 
27 TE8 - ii 
28 TE9 - ti 
29 TE10 - ii 
30 TE11 - ii 
31 TE12 - it 
32 TNI - ti 
33 TN2 - ti 
34 TN3 - ti 
35 TN4 - ii 
36 TN5 - it 
37 TN6 - ti 
38 TN7 - it 
39 TN8 - ii 
40 TN9 - ti 
41 TN10 - ii 
42 TN11 - ii 
43 TNI 2 - ii 
44 TW14 - it 
45 TW15 - ti 
46 TW16 - ti 
47 TW17 - ii 
48 TW18 - ti 
49 TW19 - ii 
50 TW20 - ii 
51 TW21 - ti 
52 TW22 - ii 
53 TW23 - ii 
54 TE13 - ii 
55 TE14 - ii 
56 TE15 - ti 
57 TE16 - ii 
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Table 1 (continued) 
Bus # Bus Description 

58 TE17 _ 7200 volt side 
59 TE18 - t! 
60 TE19 -

II 
61 TE20 -

II 
62 TE21 - II 
63 TE22 -

II 
64 TNI 3 - II 
65 TN14 -

II 
66 TNI 5 - II 
67 TN16 -

II 
68 TNI 7 - II 
69 TN18 -

II 
70 TN19 -

II 
71 TN20 -

II 
72 TN21 - II 
73 TN22 -

II 
74 TW10 - 277 volt side (Assembly 

This definition of the system buses corresponds to the one line diagram shown 

in Figure 4. The numbers between the buses are the line lengths in feet. The 

line and load impedances were computed and per unitized to a common system 

power base of 1.0 x 10^ watts three phase. For the 7200/12470 volt impedances, 

V„ = 7200 volts 
SeHV 

= = 46.3 amps 
"BaSeHV 7200 

JBas 
7200 
46.3 = 155.5 ohms, 

For example, the line parameters for the line between MD2 and MD3 are computed 

from its 1450 foot length as follows: 
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T — 69 kV 

14400/24400 

G1 O G2(j) 

2000 kVA 277/480 
7200/12470 

225 kVA <uJ3u~ 
5.5% 

277/480 

Assembly 
Building 

7 7 
7 -

8 -

9 -

10 -

1 1 -

12 -

13 -
NC f 

14 

15 

16 -

17 • 

18 • 

19 
NC 

44 

45 

46 

47 

48 
NC 

49 

50 

51 

52 
53 

/ 

483' 

374* 

373' 

293' 

325* 

356' 

7 7 
550' 

385' 

856* 

482' 

482* 

1068* 

1168 • 

1265* 

2810' 

3167' 

3509* 

3833' 

4155' 

9230' 

10404* 

11527' 

12607' 

20 -

2 1 -

23 • 

24 -

25 • 

2 6 • 

NC 

27 • 

28 

29 

30 

31 
NC 

54 

55 

56 

57 

58 
NC 

59 

60 

61 
62 
63 

v y 

/ 

3100' 

352' 

374' 

293* 

325* 

356' 

385' 

856' 

964' 

1068* 

1168* 

1265* 

2810* 

3167* 

3509' 

3838' 

4156* 

9230' 

10404* 

11527* 

12607* 

32 -

33-

34 • 

35 • 

36 • 

37 • 

38 
NC 

39 

40 

41 

42 

43 
NC 

64 

65 

66 

67 

68 

11C 
69 

70 

71 

72 

73 

/ 

/ 

3000' 

245' 

295' 

333' 

265' 

294' 

320' 

347* 

771* 

870* 

963* 

1053' 

1141* 

2534' 

2855' 

3164* 

3461' 

3747' 

8323' 

9380' 

10393' 

11368' 

HDP 

TV 

UJju nrprk 

-M 

750 kVA 
5.3Z 

1450* 

3 / 
750 kVA 

T 5.31 

6 277/480 

Control 
Building 

375' 

500 kVA 
rvyr> 5.3Z 

5 277/480 

Cafeteria 

West Arm East Arm North Arm 

Figure 4 
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mine = (0-317 x 1 0 3 ^Ft* (1450 pt)/155.5 = 2.96 x 10~3 P.U. Ohms 

wLLine = 2ir x 6 0 x °-2764 x 10~6 x 1 4 5 0 Ft/155.5 

= 9.72 x 10~4 P.U. ohms 

^Shunt = 27r X 6 0 x °'0574 x 10~9 Ft X 1 4 5 0 F t x 155'5 

= 4.879 x 10~3 P.U. ohms 

For the 277/480 volt impedances, 

VBaSeLV " 277 volts 

t _ 106/3 _ 19n. , IBaseLV " "277" " 1203'4 ^ 

ZBaseLV " 1203.4 " 0 , 2 3 ohms' 

For example, the single phase constant impedance load equivalent for the 
proposed site critical power at bus MD1 is 

Zignd - (15.29 + j 9.47)/0.23 

= 66.48 + j 41.17 P.U. ohms 

The main transformer impedances were modelled by their per cent impedance 
as follows: 

Zseries = j ( M ) VA^ ^ P'U' o h m s 

For example, the line between buses MD1 and MD2 is a 750 KVA 5.3% impedance 
transformer. It was modelled as a series line impedance of: 
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'series 0 + j ( M x 
10' 

750x10' 

= 0 + j 0.0707 P.U. ohms 

The small transformers serving the antenna load were not included in the 
analysis. The antenna loads were considered to be connected directly to the 
7200 volt line. This was done to reduce the number of system buses, and does 
not introduce significant error in the steady state analysis. The voltage 
on the secondary side of each antenna transformer will be with 99.5% of the 
referred primary voltage. The location of each antenna load for the four con-
figurations is given in Table 2. 

Table 2 

Loads at Buses 
12, 18, 44, 47, 49, 
50, 51, 52, 53, 25 
30, 55, 57, 59, 60, 
61, 62, 63, 37, 42, 
65, 67, 69, 70, 71, 
72, 73 

Loads at Buses 

9, 12, 15, 18, 44, 
45, 46, 47, 48, 22, 
25, 28, 30, 54, 55, 
56, 57, 58, 34, 37, 
40, 42, 64, 65, 66, 
67, 68 

Loads at Buses 
8, 9, 10, 12, 14, 
15, 17, 18, 19, 21, 
22, 23, 25, 27, 28 
29, 30, 31, 33, 34, 
35, 37, 39, 40, 41, 
42, 43 

D 
Loads at Buses 

7, 8, 8, 9, 9, 
10, 11, 12, 13, 20, 
21, 21, 22, 22, 23, 
24, 25, 26, 32, 33, 
33, 34, 34, 35, 36, 
37, 38 

2.5 Voltage and Power Flow Analysis 
The distribution system was analyzed under three loading conditions. 

Using the estimated normal full load values given in section 2.2, the analysis 
yielded the voltage profile and source requirements shown in Table 3a. Using 
the proposed site critical loads given in section 2.2, the analysis yielded the 
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voltage profile and source requirements shown in Table 3b. The no-load analysis 
results are shown in Table 3c. All studies were performed with the antennas 
located in the "A" configuration, assuming the source is the standby generator 
pair. Under full load, the site power is nearly unity power factor, but neither 
the generator pair nor the step up 750 KVA transformer could supply this load. 
Full load system voltages are ideal. Under the proposed critical site load, the 
main step up transformer is marginal, although this is not a serious problem. 
It is important to note that the KVA requirement is 655, which exceeds the KVA 
rating of one generator. System voltages are acceptable, and could be brought 
to ideal by adjustment of the automatic voltage regulator set point. Under no 
load conditions, the reactive power requirements alone exceed one generator's KVA 
rating by more than 20%. System voltages again could be brought down if the 
regulator set point could be reduced. 

Table 3 

a. 
(full load) 

b. 
(proposed 
critical 
load) 

c. 
(no load) 

Minimum 
voltage 
percent (1) 

98.7 

100.0 

100.0 

Maximum Maximum 
voltage line load 
percent^ percent^ 

100.1 

104.2 

106.2 

144.4 

91.3 

109.6 

Source 
real power 
required 

1,339.0 

300.5 

9.6 

Source 
reactive power 
required*4* 
+ 184.6 

- 583.4 

- 778.9 

(1) 100% = 7200 volts or 277 volts 
(2) Based on transformer rating or 116 amp cable load 

(70% of 165 amp Cable rating) 
(3) KW 34> 
(4) KVAR 3<j> 
(+) Lag - Inductive 
(-) Lead - Capacitive 
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The previous analysis was performed without the installation of any shunt 
reactive compensation. If shunt compensation is made at the low voltage side 
of the 750 KVA transformer, the voltage profiles and line power flow results 
would remain unchanged. The source reactive power requirements would of course 
be reduced. If shunt compensation is made anywhere on the high voltage cable 
system, the main 750 KVA step up transformer would be considerably unloaded. 
This is an argument favoring high voltage compensation and will be discussed later. 

2.6 Resonant Frequency Analysis 

Reactive compensation of electrical networks can often lead to un-
desirable resonance conditions. This is particularly true when series compensation 
is considered. Series compensation of the leading power factor cable was ruled 
out as an alternative solution early in the analysis. This is primarily due to 
the fact that the leading power factor is a shunt load, virtually independent of 
system load. As stated earlier, any shunt compensation on the low voltage side 
of the main step up transformer (i.e. generator terminals) will not affect the 
steady state performance of the distribution network. Nevertheless, the resonant 
condition must be considered in the transient analysis. 

The driving point impedance as seen by the generators was computed for 
various loading conditions and for frequencies between 0.5 and 250 Hz. The 
results of this analysis are shown in the following figures. Figures 5 and 6 
show the impedance with critical load and no shunt inductance. This is the 
existing system response. Figure 7 and 8 show the existing system no load 
response. Figures 9 and 10 show the system response at critical load with an 
inductance corresponding to 200 KVAR per phase reactance at 60 Hz at the 
generator terminals. Figures 11 and 12 show the no load response with the 
same inductance in shunt with the generators. This frequency response shows 
a sharp peak at nearly 53 Hz. While this will have virtually no effect on the 
steady state system performance, it should be analyzed further in the transient state. 
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2.7 Generator Reactive Power Capabilities 
The following circuit represents the single phase equivalent of a 

balanced symmetrical three phase linear synchronous generator with negligible 
stator resistance and round rotor [8]. 

o n r w a 

6 V 

Figure 13. 

where Xg = synchronous reactance 
V = terminal line to neutral voltage 

E = internal voltage whose magnitude is proportional 
to the field current. 

Assume that the automatic voltage regulator is controlling the terminal voltage 
to 1.0 per unit on a 277 volt base. While the generators are salient pole with 

direct axis synchronous reactance of 1.41 per unit and quadrature axis synchronous 
reactance of 0.83 per unit (on 277/480 volt, 500 KW 3<|> base), a first order 
analysis of the machine capabilities can be achieved by assuming the machine 
to be round rotor with Xg = 1.41 per unit. 

The total three phase power delivered by one machine is then, 

Pout = S i n 6 P,U- w a t t s 3<J> s 
IE| IVI Ivl2 Q . = 1 1 ' 1 Cos 6 - — P.U. vars 3(j> out Xs

 Xs 

where 6 = *E - When the machine is supplying a capacitive load, the auto-
matic voltage regulator will reduce the excitation current in order to maintain 
constant Ivl. The machine will absorb reactive power in this case, and Q will out 
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be negative. The absolute maximum value of reactive power which one machine 
can absorb is |v|2/Xg which is 0.71 P.U. on its own base of 500 KW 3<J>. Thus 
each machine can absorb an absolute maximum of 355 KVAR three phase provided 
one of the two regulators is maintaining constant |v| = 277 volts line to 
neutral. This could only occur at a value of 6 = 90°. If one generator 
excitation was driven to its lower limit before the other, one internal voltage 
|E| would be fixed, and the governor could drive the fixed voltage machine to 
the unstable mode of fixed excitation, fixed terminal voltage and 6 = 90°. At 
this point, the fixed excitation generator would lose synchronism with the fixed 
voltage terminal bus. The generator would likely trip out because of loss of 
field excitation (if such a relay exists) or possibly due to reverse power as 
the rotor swings. When the salient rotor is considered, the absolute maximum 
value of reactive power which one machine can absorb would be Ivl2 X or 1 1 / q 
1/0.83 =1.2 per unit on a base of 500 KW. This consideration "increases" the 
minimum VAR capability to -600 KVAR. It is also important to note that the 
KVA rating of one machine is 625 KVA. Thus if one machine was delivering 
zero real power, the minimum VAR capability as a single machine would be -625 KVAR. 
However, since the machine rating is based on 0.8 power factor, this load would 
probably be considered excessive. 
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III. TRANSIENT SYSTEM ANALYSIS 

The steady state analysis of the previous chapter assumed sinusoidal constant 
voltage and frequency supply from the two generators. In order to verify the 
postulated theory for the instability of one generator, a full transient analysis 
must be made. Based on the previous analysis, one generator cannot supply the 
entire real plus reactive critical site load. While it may be possible to 
modify the voltage and speed control systems to permit parallel operation without 
shunt reactive compensation, this would appear pointless since the loss of either 
generator would require serious load curtailment when operated in the "A" con-
figuration. Thus a shunt reactor appears necessary and should improve the 
stability of the system. The near complete compensation of the cable capacitance 
will not create any adverse situations in steady state. However, this tuned 
circuit may introduce problems in the transient states, and is therefore analyzed 
in this chapter. A simplified block diagram of the entire system is provided in 
Figure 14. The mathematical model for each component is presented and interfaced 
in the following sections. Several introductory remarks are necessary to clarify 
the models. The network and generators are 4-wire grounded systems. Since they 
will be assumed balanced and symmetrical serving a balanced 3-phase load, the 
neutral wire should not carry current in steady state or during balanced symmetrical 
transients. Each component and interface will utilize a balanced symmetrical 
3-phase 3-wire model. A linear magnetic circuit will be utilized in the machine 
models. Justification for this is given in a later section. Similar assumptions 
and approximations for each component and the interfacing are also given in the 
appropriate sections. 



Figure 14 

i NJ ON i 
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3.1 Network and Load Model 

The network and load model used is essentially the same as that given in 
Sections 2.1, 2.2 and 2.4. While all three phases are modelled, the phase A 
diagram is shown in Figure 15. For each arm taken as 13 miles: 

IL = 0.317 ohms/10001 at 7200 V L-N 
= 21.8 ohms at 7200 V L-N 
= 0.032 ohms at 277 V L-N 

L = 0.2764 x 10~3 h/1000* at 7200 V L-N 
= 1.9 x 10 h at 7200 V L-N 
= 2.81 x 10~5 h at 277 V L-N 

C2 = j x 0.057 x 10~6 f/1000* at 7200 V L-N 
= 1.96 x 10~6 f at 7200 V L-N 
= 1.32 x 10~3 f at 277 V L-N 

L- « 200 KVAR inductor per phase at 277 V L-N 
= 0.38/377 h at 277 V L-N 
= 0.001 h at 277 V L-N 

Rq = Resistance of 200 KVAR inductor per phase at 277 V L-N 
= 0.0038 ohms at 277 V L-N 

L2 = 5.3% Z 750 KVA transformer on 750 KVA base 
3 

= f^r x 6 2 5 X 1 0 ohms P.U. on 625 KVA, /2 277 V base 
750 x 10J 

= .04417 ohms P.U. (Z^^ = /2 2 7 7 * 3 / 2 = 0.37 ohms) 
625 x 10 

4.3 x 10"5 h at 277 V L-N 

R2 = Load equivalent suppose 100 KVA .8 P.F. lag at 277 V L-N 
= 2772 Cos (37°)/33 x 103 
= 1.86 ohms at 277 V L-N 

load equivalent suppose 100 KVA .8 P.F. lag at 277 V L-N 
2772 Sin (37°)/(33 x 103 x 377) 
0.0037 h at 277 V L-N 
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R 1 L 3 R2 Lh 

To Gen //I North Arm 

L1 3 R2 L, 
I — — 4 4 4 * — / W n f i ^ 

T c 2 " T " 

West Arm 

R 1 L 3 R2 L^ 

Rq = Shunt reactor resistance per phase 

L^ = Shunt reactor inductance per phase 

= Main transformer leakage inductance per phase 

R^ = Cable series resistance per phase 

Lg = Cable series inductance per phase 
= Load equivalent resistance per phase 

L^ = Load equivalent inductance per phase 
C2 = One half of total cable arm shunt capacitance 

per phase. 

Figure 15 
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The three network and load arms are in parallel and may be reduced to 
minimize computation. The parallel equivalent for the network and load phase A 
model is given in Figure 16. The corresponding phase A network and load 
equations are: 

dt 4 L i
 1 

' - JL v 
dt l2 l2 

= _l_i, - J L i , 
dt 3C2 z 3C2 j 

d±3 = 3_ v, - h i. - _3 v. 
dt L 3 L 3 L 3 

i i 3 - _ L i 4 dt 3C2 j 3C2 * 

- I V ^ 1 , dt L. L. 4 4 

where R^, L^, C2> L^, Rq, L^, R^, L^ are as previously defined. 

The network and load model can be perunitized by employing the following 
base quantities: 

VfiS = /2 277 volts peak L-N 
3 

Pg = 625 x 10 voltamps 3 phase 
= /2 752 amps peak 

ZBS = 0 , 3 7 o h m s 

o)g = 377 Electrical radians/seconds 
= (1/377) seconds 



3 L 3 © 
Y Y / V / V — < m r > - > 

3C2 

3 * © 
- A A A ; 

V ^ 

I 
w 0 1 

Figure 16 



-31-

Lbs = 9.8 x 10"4 h 

CBg = (139.49)_1f 

^ PB = I VBS ^S ZBS " \sfhs 

L BS = Z B S / U B CBS = 1 / ( Z B S V 

The perunitized network and load equations are: 

dt L / 1
 L L

 1 

dl2 1 _ 1 -"IT" = — v - — v 
dt L2 I L2

 2 

dV2 1 - 1 -~ = i i- i 
dt 3C2 2 3C2 3 

= 

dt V2 ~ L 3 ~ T V4 

dt 3C2 3 3C2 4 

_ _3 — 
dt L. L, * 4 4 

where, ^ - i ^ , , vfc = v ^ 

\ = \ / Z B S \ = L K / L B S 

= C K / C B S 1 = S / T B 
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NOTE: These equations are the perunitized network and load equations for 
phase A only. There are identical equations which must be added 
to include phases B and C. These equations will be integrated 
with the other system dynamic models in a later section. Note 
that v^ is also the terminal voltage of the two machines and that 
i^ plus i^ must equal the sum of the two machine currents. This 
means that not all four currents can be independent state variables. 
This will be satisfied in the interface section. 
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3.2 Generator Model 

The generators are salient pole synchronous machines with the following 
data (reference [11]): 

277/480 volt, 3<j> 4W Y, 60 Hz, 6 Pole, 625 KVA, 500 KW, 
1200 RPM, 752 Amps, Model 500MSS6, Type 10461, SN50234, 
Temp, rise 50°C, 0.8 PF lag, Field current 34 amps, 
Kato AC Gen A-38. 

The units were manufactured by Kato Engineering Company in Mankato, Minnesota. 
Mr. Forrest Nelson and Kevin Becker furnished the following data as well as the 

machine open circuit characteristics (contacted at 507-625-4011). 

xd = 1 . 4 1 1 P . U . ohms m tt d = 0 . 0 2 sec 

V = 0 . 1 6 8 P . U . ohms rr, " 
o 

= 0 . 0 3 sec 

V s 0 . 0 6 8 P . U . ohms Td 1 o 
= 4 . 4 sec 

X 2 
ss 0 . 0 6 6 P . U . ohms V = 0 . 5 2 sec 

X o = 0 . 0 2 5 P . U . ohms TA = 0 . 0 2 sec 
X q = 0 . 8 3 0 P . U . ohms H = 0 .2118 KWsec/KVA 

X " q = 0 . 0 6 3 P . U . Ohms 

Based on this given data, the remaining machine parameters were computed from 
reference [18] as: 

Rs = 8.675 x 10"3 P.U. 

*d = 1.41 P.U. Ohms 
X, dm = 1.366 P.U. ohms 
X q = 0.83 P.U. ohms 
X qm = 0.785 P.U. ohms 

= 0.01338 P.U. ohms 
= 1.39329 P.U. ohms 
= 0.053278 P.U. ohms 
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XQ = 0.80342 P.U. ohms 
Rfd = S e e ^-ater analysis 
X = 1.50 P.U. ohms 

The synchronous machines are currently very underexcited due to the large 
cable capacitance. These machines would behave linearly under such conditions, 
and saturation would not be a significant factor. With the shunt reactor, the 
load may require higher machine excitation. Saturation will still be neglected 
This is necessary in part due to the lack of sufficient machine data. 

The nameplate data indicated a maximum field excitation of 34 amps. The 
open circuit characteristic indicated a no-load open circuit field excitation 
of about 15 amps for rated voltage. This is consistent with Kato's claim that 
the excitation at full load should be about twice that at no load. 

Consider the six single machine equations in motor ABC notation: 
dX 

v = R i + a s 
as s as dt 

v = R i bs s bs dt 

dX 
v = R i + cs s cs dt 

d X ™ v., = R£ i + — ^ fd f fd dt 
dA 
dt 
dX, 

= R„ i„ + Q Q dt 

where Xfs are flux linkages, D & Q represent the direct and quadrature axis 
damper windings. The flux linkages are functions of the six machine currents 
plus inductances which vary as a function of rotor position 0. For the two 
machines 



t 

'l = J U 1 
dt + 6(0) 

' I 
o)2 dt + e2(o) 

(G-l) 

(G-2) 

The angles of Equations (G-l) and (G-2) are measured from the stator 
A phase axis to the rotor direct axis. Since the inductances which make up 
the flux linkage to current relationship vary with 9-j (or 6_) , the coefficients 
of the state differentials will be time varying in the abc coordinate system. 
Consider the transformation to the odq coordinate system through: 

v T Y odqs^ = 1 abcs^ 

t T Y ôdqs2 = 2 Aabcs2 

where x n^y be current, voltage, or flux linkage, and 

T. = /2/3 

1//2 1//2 

Cos 6i C o s ^ -

1//2 

Cos(0i + — ) 

-Sin Q± -Sin(6i - -Sin(0i + y-) 

(G-3) 

i " 1 = 

1//2 

1//2 

1//2 

cos e 

cos(ei -

2ir 
C O S ^ + y-) 

-Sin 6 

-Sin(01 -

-Sin(ei + 

(G-4) 

For a 3 wire or 4 wire balanced symmetrical system, it can be shown that x = 0 
OS ̂  

When the above transformations are applied to the respective machine equations, 

the following five equations result: 
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di ds. 
v, = R i, + L + M 

di di fd D 
+ M, _ — r ^ -(L i +M _ i )to. ds1 s1 ds1 ds1 dt ds^fd.^ dt " "ds1,D1 dt ^qs^qs^'^s^Q.^Q.^"'! 

di qs. di. 
v = R i + L + qs^ s1 qsi qs., dt qs., Q̂  dt + (L, i, -M, i£J -M^ „ i )u), ds1 ds1 ds1,fd1 fdx d s ^ D ^ ^ 1 

di fd. di ds- di 
Vfdx Rfd1ifd1 + Lfd1 dt + Mfd1,ds1 dt " "fd1,D1 

di D, d s ^ fd^ 
0 - \ \ + \ ~ i r + \ 9 6 b ± s r + MD1,fd1 dt 

di di qs. 
0 = R^ i^ + L, + M, Q-L Qjl Qx dt Qi'qsi d t 

where u)̂  is in electrical radians per second. The torque of electrical origin 
in the positive direction is found from the coenergy as: 

T = — e
+
 2 ^s1

iqs1^qs1,Q1
iQ1^ids1

+^Lds1
1ds1^ds1,D1^1^ds1fd1

ifd1^iqsi 

where P = # of poles. 
Since the data provided is given in per unit, it is necessary to formulate 

the machine equations in per unit. The per unit equations are [18]: 

di ds. di di 

(G-5) 

di di 
- - - qsl - Q1 W1 - -

vqs = R s iqs + Xq + X. + (X, i +X, i,. + X, i ) 1 S1 1 1 dt qmi dt WB dl dsl dml fdl dmi Di (G-6) 
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- % _ "fd. _ v = R i + X _ + X., _ 1 + X, — ^ (G-7) fd± fd1 fd1 dm1 dt fd± dt dm1 dt 

D T D«, - _ D V 
0 - R_, i_ + X, —rr-^ + XJ _ 1 + X^ — ( G - 8 ) 

"l dml dt dmx dt dt 

diqs diQ 0" \ V S i ? + \ r̂ (G"9) 

The torque of electrical origin in the positive direction is: 

2 [ \ iqs1
 ids1

 + XqmL ^ ^ " Xdx
 ids1

 iqsi " ̂  1fd1 ^ s ^ d m ^ 

(G-10) 

Identical equations for machine #2 can be written using subscript 2. 

It is possible to compute R ^ from the previous parameters (see reference 
[18]). The true value, however, is known in ohms to be R_, = 3.85 ohms. The f d 
field current required for rated open circuit terminal voltage is also known to 
be 15 amps. Consider the following analysis: At open circuit with co- = 0)o = a>_ I Z B' 

v, = 0 
dsl 

v = X. 1-. qŝ  dm^ fd^ 

and from (IF-24), with v, = 0, 
1 

v • = v = Si |v 
1 L1 qsl 

and since rated v = /3 P.U. volts I-I 
1 

qsl 
= /3/2 P.U. volts 
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so that 

|ifd | = = 0.897 P.U. amps. 

Since the actual field current is 15 amps, the current base for the synchronous 
machine field winding must be 

XBR = o M f = 16-7 ^ S 

Therefore, since the stator base current is 752̂ 2. 

N I R BS 1063 ,, , 
jq = = 1^7 = 6 4 (G-11) 

Now since the actual R ^ is 3.85 ohms, the actual resistance as seen by the stator 
is 

Rf(J = 3.85 
NS 2 -3 = 0.94 x 10 ohms. 
NR 

Since the impedance base on the stator side is ZD. = 0.37 BS 
- = 0.94 x 10"3 
fd 0.37 

— -3 
Rfd = 2 , 5 3 X 1 0 P#u- o h m s (G-12) 

It is important to clarify the significance of and ©2 relative to the 

machine terminal voltages. Consider steady state operation with positive sequence 

voltages: 

v = /*2 x 277 Cos (377t + y) cLS 

v b s = /2 X 277 Cos (377t + y - 2tt/3) 

v = /2 x 277 Cos (377t + Y + 2TT/3) OS 

Applying the transformation of Equation (G-3) yields: 

v = 0. o s ^ 

vds = ft X 277 X /37T Cos (q1 - 377t - Y) 

= -/2 x 277 x /372" Sin (ei - 3 7 7 t _ y) v qs 
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If the machine is in steady state at t = 0, 

= 377t + (0) 
ss ss 

so that: 
rds = Si x 277 x J3/2 Cos (01 (0) - y) 

ss 

gs. = -/2 X 277 X J3/2 Sin (6;L (0) - y) 
'1 

1 ss 

It can be shown that for positive field current, the electrical angle 
Q 1 (0) - y + tt/2 

ss 

is the so-called steady state torque angle [19]. 
the electrical angle 

Or for negative field current, 

(0) - y - tt/2 
ss 

is the so-called steady state torque angle, 
no load, this angle would be zero so that 

If the machines are operating at 

and 

6 1 ( 0 ) = y - tt/2 
ss 

no load 

Q-l (0) = Y + tt/2 
ss 

no load 
Under these conditions. 

v, = 0. 
dsl 

I f > 0 

I f < 0 

(G-13) 

(G-14) 

qs. = +/2 x 277 x J3/2 I,, > 0 (G-15) 

v = -/2 x 277 x /3/2 I_ < 0 qs. (G-16) 

Note that the arbitrary selection of 0;L(O) will automatically fix the instantaneous 
ss 
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values of terminal voltage at no load, time zero. This will be done in the 
section covering initial conditions. 
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3.3 Automatic Voltage Regulator and Exciter Models 

The automatic voltage regulators are solid state regulators with the 
following data (reference [10]): 

Model SR8A2B03A3A 
Response time 16 MS, Droop Adj. to 5% 
Parallel compensation circuit included, 
minimum field resistance 18 ohms, 
maximum continuous output 125 volts, 
one minute forcing output 180 volts. 

The units were manufactured by Basler Electric in Highland, Illinois. Mr. Charles 

Hummel furnished the transfer function shown in Figure 17 (618-654-2341). It 
was assumed that this transfer function was given in per unit quantities real 

time expecting V ^ = 1.0 PU V and providing a maximum field voltage output of 

3.6 PU V (3.6 times rated). In addition, the voltage regulator has a parallel 

compensation circuit which allows reactive power sharing by adjusting the sensed 

voltage to be 

where vAC is the line to line phase A to phase C voltage (positive sequence) 
and Ifi is the generator line current out of the phase B of the machine. Note 

out 
that if the load is purely capacitive, i will be in phase with v and thus ® i\Vi 

out 
the sensed voltage is less than the actual line to line terminal voltage. This 
is consistent with the regulator manual description of "droop" parallel operation. 
Also note that in steady state, the regulator will attempt to drive the average 
values of V ^ - V.J, to zero. Thus the steady state terminal voltage will have 
a "droop" (rise for capacitive load) from V depending on as: 

Peak 
out 

B 
out 

V AC 
out 
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VREF <exPected 

O * * 500 
1 + .02S 

K .09S (1 + .021S) 
(1 + .59S) (1 + .14S) 

To Exciter 
(expected max 

3.6) 

(V' and v' must be in per unit) T fe 

Note: Choosing K = 0.5 (mid range) the feedback block is equivalent to: 

.01144 

i + 

.01144 

i + i + 

.0963 Jc 
1 + .59S Jc Jc 

.0849 
1 + .14S 

Figure 17 
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Actual test data yields the following: 
VREF = 4 5 0 R M S v o l t s VA(, = 459 RMS volts 
IB1 = 340 RMS Amps I = 430 RMS Amps 

2 

QTotal = -650 KVAR (meter) 

So: |S1| = /3k 459X340 |S2| = /3 x 459 x 430 

= 270,300 VA 3<j> = 341,850 VA 3<fr 

Note that these readings are not possible since |S | + |s | < Q . Assuming 
-L Z l O t o l 

the load is purely capacitive, with 

Qx = 270,300 VAR 3<j> 
out 

Q2 = 341,850 VAR 3<J> 
out 

for QTot= 612,150 VAR 3* 
out 

Since v and i are in phase, AC B 
out 

459 = 450 + a^ 340 = 450 + a2 430 

So a1 = 0.0265 ohms 

a = 0.0209 ohms 

In per unit with ZBg =0.37 ohms 

a1 = 0.072 P.U. ohms 

a2 = 0.056 P.U. ohms 

where a± = a ^ Z ^ and «2 = a2/ZfiS 
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The transfer function yields the following AVR equations in per unit 

dv fe = 336 - t 2500 , - -
Vfe oo_ REF T yl " y2} 

dt B B 

0 < v ' < 3.6 — fe — 

dv 1 = 1 - .0963 - f 
d- " " .59o)b .59o)b Vfe 

dy2 _ 1 - .0849 - , 
dt ~ " .14o)b 72 .14o)b Vfe 

where t = t/t-> 
13 

V = V /V REF REF7 BS 

vT = v ' /v 

T T7 BS 

y^ = Internal AVR per unit quantity 

y2 = Internal AVR per unit quantity 

vf^ = Must equal 1.0 for rated vfe 

The exciter is a normally self excited shunt DC generator manufactured with 
the generator by Kato Engineering. The Kato Company furnished the open circuit 
characteristics plus the following data (reference [11] plus nameplate): 

Model 6.5 x UG2, Type 10460 
125 volt 52 amps Field amps 1.5 
Field resistance 46 ohms at 25°C 
Time constant T_ = 0.32 seconds L„ = 15 h £| E 

Consider the assumed connection of figure 18. The exciter equations neglecting R 
and L are: 

dif v _ = R i + fe fe fe fe dt 

va
 = vfd = Kfe ife (Linear machine gain) 

a 
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These equations also neglect the saturation of the iron. From the open circuit 
characteristics and Kato data, 

F+ O-

From AVR 
fe 

F- o-

Rfe = 46 ohms 

= 15 henries 

K
f e = 119 ohms 

R ext 
4 W 

K 

1fe £t 46 ohms 

15 h 

A+ Q ^ 
+ 

0 
A-

fd 

3.8^ ohms 

Synchronous 
^ machine 
fd field 

D 

Figure 18 

Note for Figure; The open circuit characteristic of the synchronous machine 
indicates that rated 480 V l-l occurs when i = 15 Amps. 
^fd = ± a above). For Rfd =3.85 ohms, this gives v =57.75 
volts. The open circuit characteristic of the exciter 
indicates that this occurs when i =0.38 Amps. A field test 
indicated that the AVR output at open circuit was near v =17 

fe 
volts. This agrees with the product of i =0.38 amps and 
Rfe = 46 ohms. Note that the generator cannot be self-excited 
unless an external resistance of R ^ = 106 ohms is in the field 
circuit (va » 57.75 volts must equal ife R = 0.38 x 152). The 
AVR allows self excitation until the terminal^oltage reaches 75% 
of rated. The R ^ simulates the L voltage difference. 
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The exciter equation is then 

R 
fe 

r L _ dv,., fe , fe fd , + K_ *fd K. dt fe fe 

This equation can be represented as the following transfer function: 

fe *E 
I + T E S 

fd 

where 'fe 
E R = 0.32 seconds 

fe 

K fe 
R = 2.587 
fe 

The AVR and exciter equations need to be combined and per unitized. Recall 

that the AVR expects V ^ = 1.0 P.U. volts and vfe
rated = 1.0. In order to join 

these two components, this criteria must be satisfied. Since v r a t e d m a y n o t |,e f e 
1.0 per unit, a gain factor will have to be added to the model. 

Let vve = vfe/vfiF and recall from the machine equations that: 

Vfd = Vfd/VBR 
So the exciter equation is: 

R 
Vfe VBF 

fe - Lfe d Vfd VBR 
K_ fd BR a T fe fe d ti 

R 
or - JBF = — , 

fe v_ K. Vfd K_ BR fe fe 
wBLfe ^ "fd d v, 

d t 

FOR VGF N F 

VBR "A 
JJ— (equivalent turns ratio assume 10) 

^ - ii£. 7 + ilfd fe 10Kfe fd 1 0 K f e d -
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The base voltage for v^ must be determined to compute the gain required to 
yield a 1.0 per unit vf \ The base voltages of the machine have been selected 

such that V = 1.732 indicates V = Rated terminal voltage. Since the 
u Zzz 

D.C. machine and synchronous machine both have speed gains as well as transformer 
turn ratio gains, the base voltages which are computed by turns ratios alone for 
the field of the synchronous machine and exciter armature/field do not correspond 
to rated voltages. For example: 

VfiS = /2 x 277 
N 

VBR = ^ x 2 7 7 N = ^ x 2 7 7 x 6 4 

s 
Since the armature of the exciter is connected to the field of the synchronous 
machine, the base voltages of the exciter armature must be V , i.e. BR 

VfiA = Jl x 277 x 64 

Thus the base voltage for the exciter field is: 
NF 

VBF = N~ VBA = 10 x /2 x 277 x 64. A 

The exciter field resistance is about one third the total resistance which 
would be required for rated shunt operation (120 volts). Recall this was 

determined from the assumed AVR connection in the previous paragraphs. The 
field alone then must have a rating of 40 volts. For v__ = 10 x /2 x 277 x 64, 

BF 
— rated 40 V f o = tr P.U. VOltS fe 2.5 x 105 

= 1.6 x 10~4 P.U. volts. 

— rated / Since vfg is not equal to 1.0 P.U. volts, a gain of 1.6 x 10 must be added 
to interface vf^ and vfe» Similarly, since V ^ ^ = 1.732 and the AVR expects 
VREF = a gain reduction must be added to the AVR circuit. If the limiting 
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output is multiplied by and the above gain is divided by /3, the two 
components can be joined in per unit to yield the final transfer function of 
figure 19. 

The final AVR/Exciter equations in per unit with per unit time are: 

f u _ Rfe - +
1 0 K f e 1.6x10-* - . , 

dt " " V ^ fd 'fe » i ' f ; i 3 . 6 / 3 ) (AE-1) 

— t . dv fe _ 336 - ' 25000 -i , -
" " Vfe + REF " VT + yl " y2 <AE-2> 

dyl _ 1 - , .0963 - 1 
" " yl Vfe (AE-3) 

dy2 _ 1 - , .0849 , 
dt " " ̂ 14^ y2 + Vfe 

(Note: Rfe> Lfe> are not in per unit.) 

Note that V' is expressible as a function of v v and i through the 
A Li 15 

machine equations. This will be done in the interface section. Note also that 
there will be two sets of three equations (one for each unit). The interface 
equations are 

V ' = Peak 
1 

V ? = Peak 
2 

[ \ • \ + " i \ J (ae-5> 

[ V V " * s J (AE-6) 



V (expects 

Note: All quantities are in 
per unit except: 

S is still in 
real time. 

.0849 
1 + .14S 

Figure 19 
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3.4 Governor and Diesel Engine Model 
The governors are hydraulic governors with the following data (reference 

[9]): 

Universal governor, 8 foot pounds output, mechanical 
hydraulic for diesel or steam turbines, max 42° travel 
of output shaft (recommended 28°). Model UG-8 droop 
or isochronous. 

The units were manufactured by Woodward Governor Company, Fort Collins, Colorado. 
Messrs. Dan Garvey, Jim Brown and Jim Wimp furnished the transfer function shown 
in figure 20 (303-482-5811). It was assumed that this transfer function was given 
in actual units involving RPM and inches. The fuel actuating arm can rotate from 
zero (no load) to a maximum of 42° (full load). This corresponds to a governor 
piston motion through = 0 (no load) to a maximum Zx = 1.5 inches (full load). 
The governors have a load limit setting which can adjust this to be less than 42°. 

Governor #1 had the load limit set at 8.9 while #2 had a setting at 10.0. 
(Ten is maximum corresponding to Z max = 1.5 inches.) Thus, 

Zn max = 1.335 inches 
Z12 max = 1.500 inches. 

Note that the D.C. steady state gain for AFx/AN2 is l/ad. This corresponds to an 
adjustable droop speed dial setting. A 5% maximum speed droop was assumed. 
Governor #1 had a droop setting of 77 while #2 had a setting of 80 (100 is maxi-
mum) . A 5% maximum speed droop assumption means that the engine speed will drop 
5% between no load and full load. Unity power factor load tests indicate that 

on the average I2 'V X 1.2 Ij|. This indicates that the actual droops differ by 
a ratio nearly the reverse of the droop settings. (A high droop machine will 
take less load.) Based on this data, assume 

ad1 = .05 x 1200 x DSj/1.5 RPM/inch DSX = 0.8 
ad2 = .05 x 1200 x DS2/1.5 RPM/inch DS2 = 0.8/1.2 
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REF 

Stroke 
arm in 
inches 

Ballhead Dynamics Governor Dynamics 

For N =1457 RPM 

y = 0.2 aj = 77.16 
oj = 10.5 rad/sec a2 = 0.20 

a3 = 0.41 

a = Proportional to droop setting, d 

Note: If a, = 0 (Droop = 0) governor is isochronous. 

otj + c*2 a 

Bn = a2 a3 a . d 

Figure 20 
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The diesel engines have the following data (reference [12] and name-
plate) : 

Model #VLRDU, Spec #F-279; SN #1 RU12946; SN #2 
RU17943 flywheel plus crankshaft inertia 1434 
lb ft2, load response time 0.2 second. 

The units were manufactured by Waukesha in Waukesha, Wisconsin. Messrs. Mel 
Erickson, Steve Moldenauer, Ed Antoniweicz and Warren Herbrand indicated that 
Waukesha does not currently have mathematical transfer functions to model the 
engine dynamics. They have hired a Mr. Bob Kern from the Milwaukee School of 
Engineering to develop a transfer function and model for the diesel engine. These 
were not available for this simulation. The transfer function of figure 21 was 
used. 

Since the governor gain is l/ad, the steady state gain for the combined 
transfer function is: 

AP = ^ AN m o d 

And, when = 500 x 103 watts, the desired change in speed is 

AN = .04 x 1200 x DS RPM 

Thus, for ad = .04 x 1200 x DS/1.5 RPM/inch, the engine gain is 

Kjjg = 3.33 x 105 watts/inch 

In order to integrate these components into the system equations, the input must 
be in electrical radians per second, and the output must be in per unit watts. 
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"DE 
apM 

From Governor 
1 + tDEs 

To Generator Shaft 

Engine Dynamics 

T__ = 0.2 second 

K^g = (Will be determined in this analysis) 

Figure 21 
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The input can be converted by noting that for a 6 pole machine, 

= m = 20 Af = « AO, 
6 IT 

Neglecting the ballhead dynamics, the equations are 

^ M - AP A Z 
D T TDE M TDE 1 

d2AZ dAZ 
-jpr- + (77.16 + .2 ad) — 1 + .082 c>d AZj 

- 1 0 _ n o d ... x _ 1 0 — x 0.2 (Aw- Aa)RP17) - -g- X 0.082 (Aw - Aa> „) 7T dt KJiJ? ff REF 

Let AZ 

0 f AZX ^ AZ max inches 

d A Z x 

2 dt 

And also let 

PM = P ° + Ap M M M 
Z1 = Zx° + AZ 

z2 = z2° + AZ2 

a) = o)° + A(o 
co = 0 ) ° + Aw REF REF REF 

0)REF with = 0 (No speed set point change.) 
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PM° = *DE Zl° (constant) 
z2° = 0 
"REF0 = W ° + i r a

d
 Zl° (constant) 

The normal unit governor/diesel engine equations are: 

f « - - - 1 - P z 
d t TDE M TDE 1 

dZ 
dt 

dZ 

1 - Z. 

~rr = - (77.16 + .2 a.) Z - .082 Z dt d 2 d l 

10 n 0 do) 10 n n o o , v 
- "7 dt - V x °-082 - * W 

0 < z < z1
max 

The first equation must be per unitized to allow integration with the other system 

equations. Thus, for 

PM = V f i 

t = t/ % 

The final combined transfer function is shown in figure 22. 



1.0 x 0.2 (0.41 + S) 

.082 ad + (77.16 + .2 ad> S + S2 

Note: S is still in real time units. 

Figure 22 

i 
m 
i 
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The final per unitized governor/diesel engine equations are: 

d P M l — ^ F P~ + Z i (GDE-1) 
d t TDE «B pB TDE WB 

dZ 
- — Z2 0 < zx < Z 1

m a x (GDE-2) 
dt 0)_ B 

dZ2 (77.16 + .2 a.) _ .082 a, 
— — — 2 " ^ Z j 
dt 0)B 0)B 

10 x 0.2 da) 10 x 0.082 , x /nrkT, — - (u - wR £ F) (GDE-3) 
IT dt IT (Dg 

— max Note that PM is in pu watts, Zj, Z2 and Z2 are in inches, u> is in electrical 

radians per second, and a, is in RPM/inch. Note also that is expressible as d dt 
a function of machine variables. This will be done in the interface section. 

Note also that there will be two sets of these equations (one for each unit). 
max The values of a, and Z2 will be different as previously defined. 
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3.5 Interfacing the Component Models 
Four component models have been developed. These models must be 

integrated to represent a consistent set of unified system equations. Consider 
the following summary of the component states and required inputs. A state is 
a variable which appears in differential form. An input is a variable which is not 
a state variable of that component set. 

Network and load models 

States: 

Inputs: 

Generator //I 

States: 

Equations: 
Inputs: 

Generator #2 

States: 

Equations: 

Inputs: 

AVR/Exciter #1 

States: 

Equations: 

Inputs: 

"̂lA ilB *1C 12A i2B i2C V2A V2B V2C 

i3A ^B Sc V4A V4B V4C i4A ±4B i4C 
Equations: 18 

V V V 1A IB 1C 

i i, i_ i_ i£J qsi dsj Qi 1)! fdi 

v v. v£J 8i oil qsj dsj fdj 1 L 

Xqs2 ^ds£ ^fd2 

V V, V r , 9o 0)o qs2 ds2 fd2 

Vfdx Vfe:
 y12 

4 
V V1 REF Tj 

where V ' = Peak v, , , - v + ai i T 1 A l Cx Bi 
IN 

AVR Exciter #2 

States: vfd vf yft y22 

Equations: 4 

Inputs: V Vf REF T2 

where V ' = Peak v. - + a? i T2 A2 C2 B 2 

IN 
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Governor/Diesel Engine #1 

States: P ZX1 Z12 â  

Equations: 3 

Inputs: U r e F i 

Governor/Diesel Engine #2 

States: P^ Z21 Z22
 w2 

Equations: 3 

Inputs: O)REF2 

In addition to these state equations for the models, the rotating elements 
must satisfy Newtonfs Second Law: 

J1 = T^ + Tmi (IF-1) 

do>2 J2 _ = T + T (IF-2) dt eo 

where - (IF-3) 
dt 

de2 
dt" = W2 (IF-4) 

Notice also that since the system has been assumed to be a 3-wire network, the 
18 network and load equations can be reduced to 12 independent equations through 
kirchhoff's laws 

ilC = ~ ±1B i2C = -i2A " i2B 

V2C = "V2A " V2B 13C = _i3A ~ ^ B 

V4C = "V4A * V4B i4C = "±4A " i4B 
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Similarly, the sum of the two machine currents plus the two network currents 

at network bus #1 must satisfy Kirchhoff's current law. 

Similarly, the Network bus 1 voltages v-A v-., are the same as the transformed -LA lo 

machine voltages v__ v, and v „ v, . These two variables must be eliminated hsi dsj qs2 as 2 
from all of the state equations if they are to be solved simultaneously by a 

numerical integration scheme. This will be done by arbitrarily choosing network 

equation number two. Again working with phase A only, 
_ di2 _ 

Vi = + v2 (IF-5) dt 

This equation will be substituted into every other system equation requiring v^. 

Kirchhoff's current law at Network bus 1 will be satisfied by substituting 

the following into every system equation requiring î  

T1 = " TaSl " Tas2 " T2 <IF-6> 
IN IN 

The network equations must be appropriately transformed in order to be 

integrated with the machine equations. Consider the above substitutions and the 

multiplication of the network equations by transformation matrix Tj in vector 

notation, with = 
dt * 

• • l7 • R 
"T1 TabcSl " Tl Tabcs2 " + X> T1 Tabc2

 + f, ^abc2 " ff T1 <TabcSl + 7abcs2 + ^bc,5 

~ 1 - 1 -Tj v = -=- Ti i , - Ti i abc2 3C2 abc2 3C2 a b c 3 
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1 _ T 1 i v , - __ i, i , rr~ i, x , abci* 3Q2 1 abc3 1 abci* 

- 3 - R 2 _ T, i. = ^ T, v . - r 1 T, i , 
1 a b C | * L4. 1 a b c i + Li, 1 a b C l t 

where T^ is as previously defined and the interface equation has been transformed 
as 

Vabcj Vabcs *abc2 + Vabc2 

Note: Tx X , = X 

so: 

abcj Aodql • • 
Xodqx - T1 X a b c i + T1 Xabci 

• • 

Tl Xabcx = Xodqi " T1 XabCl 

T1 XabCl
 = Xodqx - Ti T^ Xodqi (IF-7) 

Similarily, if: 

T 2 Xabc2 = Xodq2 

then X , = To X , + T2 X , odq2 * abc2 * abc2 

• ^ T21 x o d q 2 + T 2 TT1 TJ i a b c 2 

and 
- 1 - 1 - 1 " I • - 1 

T1 Xabc2 = (T2 T1 > Xodq2 - T1 ) T2 T2 X ^ 

°r Tl Xabc2 = Tl T2X Xodq2 - Ti T2
X T2 T2* X ^ (IF-8) 
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The transformed network and load equations are: 

j. J. j. — i T~ 'odqsi ' "'"odqsi J'1 2 ~odqs2 -i , + Tx T^1 - Tj T^1 + Tj T2
J T2 T21 i odqs2 

iH -1 _ 1 -
K a - t 1 t1 i J + — V „ odq2 1 odq2J Li odq2 

Lj odqs Lj odqs2 L odcfc (IF-9) 

v « - Ti Ti1 v , = -A- i , L- i odcl2 odq2 3C2 odq2 3q2 odq3 (IF-10) 

i , - Tl Ti1 i , = 1 v _ - ̂  i , - 1 v odq odq3 odq3 ^ odq3 o d % (IF-11) 

- ' "I - 1 _ I _ v , - Ti Ti v , = = i , - = i odq»t odqit 3C2 odq3 3c2 odq^ (IF-12) 

-l _ 3 - R2 ~ i — T T i • odq^ 1 1 odq^ ~ ^ ^dq^ " fĵ  ̂ dq^ (IF-13) 

and the transformed interface equation is: 

- 1 - TJO I i — T T i odqsj 2 | odq2 1 1 odq2 + v od Q2 (IF-14) 

Equations (IF-9) through (IF-13) represent the final network and load state 
equations. Since the system is a balanced 3-wire system, the "0" component 
variables are zero. The remaining 10 equations can now be directly appended to 
the 10 machine equations. The ten new states introduced are: 
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i ~ vj v i, i i, i v, v d2 q2 d2 q2 d3 q3 dt* qi* dit qi+ 

Note that the states i. i i i are states in the machine equations. dsi qsi ds2 qs2 

Equation (IF-14) can be directly substituted for the v, v inputs to dsi qsi r 

the machine //I equations. 
An expression for vdg2 v^g2 is required for the input to the machine #2 

equations: 

v , = T2 v . = T2 V] = To Ti v , odqs2 abcs2 odqsi 

Employing Equation (IF-14), 

*odqs2 = ^ T2 Tl' Todq2 " ̂  T2 T1 Todq2 + T2 ^ %dq2 (IF-15) 

Equation (IF-15) can be directly substituted for the v, v inputs to the ds2 qs2 
machine #2 equations. 

In per unit time, the torque equations can be appended to the machine 
equations with J - PH (P = # of poles) 

do) 
d 
«1 _ 1 f_ - "I 
r - «iL T.i +

 + T«i+
 (IF"16) 

do)2 h 1 + T (IF-17) 
«2 I 62+ m2+J dt PH 

dSj a)! 
= — (IF-18) 

dt «B 

d82 wo -==- = 7 ( I F - 1 9 ) 
dt B 

where w and 6 are electrical quantities. Equations (IF-16) and (IF-17) are required 
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also for the governor equations (GDE-3) (written for both machine #1 and 
machine #2). 

The inertia constants Hx and H2 are the combined inertias of the synchronous 
machine plus the diesel engine. These are computed as: 

**Total = HSM + ®DE 

where HgM = 0.20 P.U. sec and H ^ is found from: 

2 

2 

JDE = 1434 lb ft' 

and 

so 

61 kg m 

^DE 2 JDE ̂ Rated^BS 

= | x 61 x x 1200)^/625 x 103 

= 0.76 P.U. sec 

HTotal = 0 , 9 6 P,U* sec# 

Notice that at this point the only inputs to the 10 machine, 10 network and 
loads plus 4 Newton second law equations are the two mechanical torques T 

- _ _ m l 
and T ^ plus the two field voltages v f^ and vfd^. These will come from the 

governor and AVR/Exciter equations respectively. The electrical torques are: 

P [- - - - - -T = - - I x i i + x i_ i, el 3 L q s l d s l m<ll Ql d s l 

Xdi ^si ^si " Xdmi 1fdi Xqsi " xdi ^sij 

^e2 " " i f Xq2
 1qs2 Tds2

 + Xmq2 *Q2 ids2 

" Xd2 *ds2 ±qs2 " Xdm2 1fd2 ±qs2" Xd2
 id2 ^ 2 ] 

(IF-20) 

+ 

(IF-21) 
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The mechanical torque is expressible in terms of the mechanical power and 
speed as: 

T _ P W B -mi ' 2 P
m i (IF-22) 

+ 

t _ P ^B — m2 " 2 ^ m2 (IF-23) 
+ 

where ajj and u>2 are in electrical radians per second. 

The only inputs which remain to be interfaced are the two AVR sensed 
voltages VT,i and V,^ . Without the parallel compensation circuit for reactive 
power load sharing, these would both be the line to line terminal voltage peak 
value in per unit. The parallel compensation circuit of the voltage regulators 
adds a portion of phase B current to the v. voltage as: 

A u 

?TI = P e a k - + ^ TB1 1 IN 

V ' = Peak ™ 2 V. - V_ + a 2 i„ A2 C2 B2 
IN 

Utilizing v = v , with v =0, abcs 1 odqsj osj ' 

% - ^ a s = ^ ( C o s 0 l " S i n 0 1 

% = -bs = <Cos <0i - f> - S i n <0i - r> 

vCl = vcs = Sift (Cos Oj + |2L) vdsi - Sin (Ql + 2tt/3) 7 ) 

Note that for = a)gt + 0isg(O) this is a positive sequence source. The addition 
of a portion of i ^ to v ^ - v will yield a sensed voltage which is directly 

IN 
additive when the load is inductive, directly subtractive when the load is 
capacitive, and nearly unchanged (additive by 90° phase shift) for unity 
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power factor load. This new sensed voltage leads to a droop or rise in the 
actual terminal voltage depending on the load power factor. The parallel action 
allows the sharing of reactive power. The B phase currents are found from: 

- - 1 _ _ _ 

^bcsj = T1 ^dqs! ^ ±abcs2
 = i

0dqs2 
IN IN 

so 

\ IN IN 
^S! = ^ (Cos (6i - i,^ - Sin (6l - i ) 

S 2 = *bs2 = ^ <Cos <02 - % ids. " Sin (62 - % ) 
IN IN >2 3' qs2' 

The sensed voltage by AVR #1 is thus, 

V ' = Peak 'i/2/3 (f v. + v - — i + ^ 7 ^ fo<? fl T1 L 2 dSl 2 qSl 2 dsi 2 xq8l
; C°S 01 

Define the peak as: 

V '= S 2 / 3 
T 1 

L < f v 1 v f r w f 1 w 2 • ( - f v q s i + f v f > r d s i + J . T q s / 

Similarly, (IF"24> 

2 L 2 ds2 2 <JS2 2 2 2 1s2 2 2 ds2 2 1ds2
+ 2 qs2 I 

J 
(IF-25) 

The four quantities v ^ v ^ v ^ v can be expressed as functions of 

*d2 iq2 *q2 Vd2
 Vq2

 throu8h equations (IF-14) and (IF-15) (the original 
terminal interface equation). Furthermore, the quantities i\ i can be expressed d2 q2 
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as a function of all the states through the final equations. These expressions » _ » 
will not include V_ and V_ and thus completely close the state equations. Note 

T 1 t 2 i » 
that even if the expressions for i, and i did include V_ and V_ , these d2 <12 T1 t2 
sensing voltages could be solved for analytically through a quadratic formula 
involving the other states. The final state equations can be written as follows: 

M 
1 ° 1 

0 1 IJ 

Y 
L J 

= [Nil I N121 fXi 

[ N 2 I I N 2 2 J Lx 2j 

1 
f (Xi, x 2 , X3)j 

H I 
J32 

Xj: Includes the following states: 

i . T , 7 I dsi qsi fdi Di Qi 

i , i ±f. 11 i ds2 qs2 rd2 D2 

in d2 q2 

X^: Includes the following states: 

vfd! vfej yl2 

vfd2
 vfe2

 y 2 1 7 2 2 

v, v i, i ij i v, v_ d2 q2 d3 q3 di* q̂  di+ q̂  

X3: Includes the following states: 

91 W1 P
m i

 Z11 Z12 

0 2 w2 P
m 2

 Z 21 z 2 2 
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M : Includes the machine parameters and some of the network parameters plus 

the states and 02. It is a 12 x 12 matrix whose entries vary with (0i—02). 

I : Is the 16 x 16 identy matrix 

Nn : Includes system parameters and the states 02, a)! and a)2. It is 
a 12 x 12 matrix whose entries vary with (0i~02), and u)2. 

N12: Includes system parameters and the states 0j and 02. It is a 12 x 16 
matrix whose entries vary with (0i~02). 

N2j: Includes two nonzero constant entries. 
It is a 16 x 12 matrix whose entries are constant. 

N22: Includes system parameters and the state a)!. It is a 16 x 16 matrix 
whose entries vary with wj. 

Ui : Is a 12 x 1 vector of zeros. 

U2 : Is a 16 x 1 vector with two nonzero entries including V___ , V and 
^ ^ R E F j R E F 2 

the inputs V,^ and V which can be expressed as a function of Xi and Xi 
through the procedure discussed earlier in this section. Furthermore, 
it can be expressed explicitly as a function of Xly X2, N n , N12, and the 
inverse of M (also a function of 0X and 02). 

f : Includes the two speed equations, the two torque (Newtonfs Second Law) 

equations, and the six governor equations. As such, it contains products and 
ratios of the states in Xj and X3. 

The system state flow diagram is given in Figure 23. The values of U and a 
all initial conditions are determined in Section 3.6. 
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The following summary of per unit base quantities is given as the completion 

of the interfacing of the system equations. 

v BS = /2 X 277 v. peak Jl-n 

VBR = /2 X 277 X 64 v. D.C. 

VBA = /2 X 277 X 64 v. D.C. 
v BF = /2 X 277 X 64 x 10 v. D.C. 

P_ = 625 x 103 VA 3<j) 

= /2 X 752 A. peak 

*BR = /2 X 752/64 A. 
= /2 X 752/64 A. 

•'•BF = /2 X 752/(64 x 10) A. 

= 0.37 ohms 

2tt x 60 Electrical radians/sec. 
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3.6 Initial Conditions, Past Initial Conditions and Solution Method 
This section presents the initial conditions and simulation method for 

various studies performed. At time zero it was assumed that the generator termi-
nals were open circuited from the network with rated voltage and speed. Thus, 
from section 3.2, 

i ° = 0. i ° = 0. qsx qs2 

I ° = 0. i ° = 0. dsx ds2 

V = T Q • • » • 
1 2 

I D • = 0. iD • = 0. 
1 2 

V'T = 1.732. v* = 1.732. 
1 2 

i^0 = 377. o>2° = 377. 

= 0. 0 ° = 0. 

Note that the arbitrary selection of 0x° and 02° to be zero also fixes the 

stator phase A voltage v to be at a zero at time t = 0. (See section 3.2.) 
SLS 

That is, if no load is added to the terminals, and the excitation is not 
changed, the instantaneous terminal voltages can be computed from the equa-
tions in Section 3.2. 

The machine equations were written such that the no load field cur-
rent would be negative. This happened because the electrical torque angle was 
defined as being 0i(O) - y - TT/2 with 0X (0) equal to zero. 

SS SS 
Consequently, since 0^° was arbitrarily set equal to zero, equation 

(G-12) yields the terminal voltages with y = -90° as: 



v° = Jl X 277 x cos (-90°) as 
v°bg = /2 x 277 x cos (-210°) 
v° = /2 x 277 x cos (+30°) OS 

The terminal voltages in the dq reference frame are then: 
v°, = 0. ds 

1 

v° = - /2 x 277 x SJ/2 
q S l 

or in per unit, 

v°, = 0 . ds 
1 

? c = - /3j2. 
q S l 

As a consequence of this definition of the torque angle, the field current.will 

be negative at no load. This is clear from Equation (G—21) at open circuit, 

co T o = JB -o 1 
fdi qs x dm 

1 
or 

and 
i£J

 0 = - /3/2 , \r_r = - 0.897 p.u.a. "fd 1.366 
1 

"*"fd = p.u.a. 
2 

The network and loads are assumed to be de-energized at time zero so that: 



The exciter was assumed to be in steady state. Thus, since the syn-
chronous machine field currents are -15 amps (-.897 p.u.a.), and the synchronous 
machine field resistance is 3.85 ohms, the initial field voltage can be computed 
from Equation (G-6) as, 

vfd° = -58 volts 
or 

vfd ° = vfd ° = -0.0023 p.u.v. 
1 2 

Utilizing the AVR/exciter transfer function, this means that the exciter field 
voltage must be: 

vfe° = -8.89 x 10-5 p.u.v. 
and so 

v'fe ° = v'fe ° = -0.962 p.u.v. 
1 2 

The automatic voltage regulator was assumed to be de-energized at time zero with: 

yn" - yn° = y2i° - y22° -

The reference voltages for the two regulators were taken as 

V = V = 1 732 REFj VREF2 

Note that the value of v^e° can be checked by realizing that v^d° = -0.0023 

p.u.v. is also the exciter armature initial voltage. From Section 3.3 this was 
found to occur when the exciter excitation is ife° = -0.38 amps and vfe° = 
-17.5 volts. Utilizing the voltage bases which were assigned according to turns 
ratios, v^e° = -7.0 x 10 5 p.u.v. This is slightly lower than the value computed 
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through the AVR/exciter transfer function. This inconsistancy is due to the 
Nr/Ns = 64 computation in Section 3.2. It indicates that the machine parameters 
supplied by the manufacturer are not exactly consistent with the machine open cir-
cuit characteristics. This is not uncommon when linear models are employed. The 
original values of vfe° = -8.89 x 10"5 and v'f ° = -0.962 were used. A "-1" 
multiplier was added to the AVR. 

The diesel engines and governors were assumed to be at no load at 
time zero with: 

zll° = z21° = 0-

Zj2° = z22° = 0. 
The reference speeds for the two governors were taken as: 

^REFj = ajREF2 = 377 electrical radians/second 
This concludes the derivation of the initial conditions. All states are zero at 
time zero except as follows: 

to, = ur = 377 1 2 
v., ° = v., ° = -0.0023 id id 

1 2 
v' = v- = -0.962 fe fe 1 2 

The other quantities required at time zero are: 

V- ° = V- ° = 1.732 
1 2 

VREFX = VREF2 = 1 , 7 3 2 (f0r a 1 1 t i m e ) 

WREFi = WREFo = 3 7 7 (f0r a 1 1 t i m e ) 



The solution of the 38 non-linear differential equations could be done using any 

reliable numerical integration algorithm. A fourth order Runge-Kutta algorithm 

was used. This algorithm was selected because of its traditional success and 

simplicity. Gearfs implicit algorithms were not used since computation time was 

forseen to be a significant factor. 

Consider now the initial response of the dynamic system when the first 

time step is completed. If the network is maintained at the de-energized state, 

the voltage regulator would still experience some transient response for t > 0. 

This is because the initial conditions have the regulator de-energized, but the 

exciter field voltage non-zero. Thus, if these initial conditions are used, the 

output would appear in the feedback and force the regulator to initiate its action 

to bring its initial zero output up to the required v£e°- Note that in steady 

state, the regulator input and output may be constantly changing very rapidly so that 

the input is never exactly zero. The network will, however, be energized auto-

matically through the interface equations. Thus, the initial transient includes 

both the network plus load dynamics plus the regulator initial and final 

dynamics. 

The value of load to be switched at different times can be controlled 

by changing the value of the load equivalent resistance and inductance at dif-

ferent times. The affect of the shunt reactor can be simulated by varying the 

value of the shunt inductance. 

The following time steps were utilized in the Runge-Kutta algorithm 

to provide accurate results while requiring minimal execution time. (Note that 

the time step is in per unit where t = t/377.) 
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0 to 15 
15 to 45 
45 to 135 
135 to 380 
380 to 750 
750 to 3000 

t step 
0.030 
0.075 
0.100 
0.120 
0.130 
0.140 

The load values were switched as follows: 

Three phase 
1 ̂  1 7- equivalent 
3 *2 3 Lt* load. 

0 to 377 16.683 12.28 30 kW .8 pF 

377 to 3000 1.6683 1.228 300 kW .8 pF 

The simulation was run for shunt reactor values of equivalent 200 kVAR per 
phase and 0 kVAR per phase. 
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3.7 Simulation Results 

The system was studied for various load levels and various cable lengths 
with and without the shunt inductor. The extreme case for generator underexcitation 
and pending instability was the 30 KW 0.8 power factor lag load with the full 
13 mile cable system. The simulation for this case without the shunt inductor 
is shown in Figure 24(a) through (p). The simulation for this case with the 
200 KVAR per phase shunt inductor is shown in Figure 25(a) through (p). The most 
significant difference is noted in Figures 24(g)-(j) and Figures 25(g)-(j). 
Without the shunt reactor, the field excitation is approaching zero with virtually 
no voltage regulator action. This is also evidenced in the high terminal voltage. 
With the shunt reactor, the field excitation is being adjusted correctly by the 
voltage regulator as evidenced by the return of field voltage in Figures 25(i) 
and (j). Without significant excitation, any imbalance in the parallel operation 
will yield unstable operation with either reverse power flow or large circulating 
currents. The instantaneous solution did not show any abnormal operation with 
either a 100 KVAR or 200 KVAR per phase shunt reactor installed. The 200 KVAR 
shunt reactor brings the machine stator currents well within their rated values 
even when only one machine is on line. The electrical transient lasts longer 
when the shunt reactor is installed, but this is still limited to less than one 
second real time. 
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Figure 24(a) Machine One stator A phase current in per unit, 
without inductor. 
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Figure 24(b) Machine Two stator A phase current in per unit, 
without inductor. 
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Figure 24(c) Machine terminal A phase line to neutral voltage 
in per unit, without inductor. 
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Figure 24(d) Machine average peak terminal voltage in per unit, 
without inductor. 
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Figure 24(e) Machine One AVR control voltage in per unit, 
without inductor. 
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Figure 24(f) Machine Two AVR control voltage in per unit, 
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Figure 24(g) Machine One field current in per unit, without 
inductor. 
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Figure 24(k) Machine One frequency change from 60 Hz, without 
inductor. 

Figure 24(1) Machine Two frequency change from 60 Hz, without 
inductor. 
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Figure 24(m) Machine One real power (in) in per unit, without 
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Figure 24(o) Machine Two real power (in) in per unit, without 
inductor. 
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Figure 24(p) Machine Two reactive power output in per unit, 
without inductor. 
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Figure 25(a) Machine One stator A phase current in per unit, 
with inductor. 
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Figure 25(b) Machine Two stator A phase current in per unit, 
with inductor. 



-87-

1 0 0 . 2 0 0 . 5 0 0 . 4 0 0 
50 . 150. 250. 550. 

T I M E I N P U S E C O N D S 

Figure 25(c) Machine terminal A phase line to neutral voltage 
in per unit, with inductor. 
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Figure 25(d) Machine average peak terminal voltage in per unit, 
with inductor. 
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Figure 25(e) Machine One AVR control voltage in per unit, 
with inductor. 
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Figure 25(f) Machine Two AVR control voltage in per unit, 
with inductor. 



-89-

0. 100. 200. 500. 40(3 
50. 150. 250. 550. 

T I M E I N PU S E C O N D S 

Figure 25(g) Machine One field current in per unit, with 
inductor. 
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Figure 25(h) Machine Two field current in per unit, with 
inductor. 
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Figure 25(i) Machine One field voltage in per unit, with 
inductor. 
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Figure 25(k) Machine One frequency change from 60 Hz, with 
inductor. 
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Figure 25(I) Machine Two frequency change from 60 Hz, with 
inductor. 
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Figure 25(m) Machine One real power (in) in per unit, with 
inductor. 
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Figure 25(n) Machine One reactive power output in per unit, 
with inductor. 
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Figure 25(o) Machine Two real power (in) in per unit, with 
inductor. 
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Figure 25(p) Machine Two reactive power output in per unit, 
with inductor. 
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3.8 Equilibrium Point and Eigenvalue Analysis 

The instantaneous time solutions of the previous section will either 
tend towards a stable operating point or become unstable. If there is a stable 

operating point, it will occur when the derivatives of the state variables are 
zero. In order to determine the existence of a stable operating point, it is 
first necessary to solve the nonlinear algebraic equations obtained by setting 
all derivatives equal to zero in the system equations. If a solution is found, 
its stability must then be checked. This was done by linearizing the 38 algebraic 

equations around the equilibrium point to be tested for stability. The equilibrium 
points were found using Newton Raphson iteration and the linearized coefficient "A" 

matrix was formed. The eigenvalues of the resulting "A" matrix were computed 
and analyzed for stability. This was done for all combinations of 30 kw and 
300 kw loads, 8 mile and 13 mile cables, with and without the 200 KVAR per phase 
shunt reactor. In addition, since the value of Xd is sensitive to excitation, 
the analysis was also done for machine parameters corresponding to X =1.75. 

d 
This is slightly higher than the manufacturers1 listed 1.41 for operation at 
rated load. 

The results indicated stable eigenvalues for all conditions when the 
reactor was included. Without the reactor, all 8 mile cable operation was stable. 
Without the reactor and with 13 miles of cable, the higher value of X, gave an d 
unstable operating point. 
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3.9 Field Tests 

Based on the initial recommendations of this work, three single phase 
shunt reactors were ordered for installation directly on the generator common 
bus. The basic specifications were: 

"Three (3) single phase shunt reactors rated 277 volts, 60 Hz, 

200 KVAR with taps for 100 KVAR and 150 KVAR, and connected in a 
three phase bank for service on a 480/277 volt three phase grounded 
neutral system for power factor correction." 

The Niagara Transformer Corporation provided iron core units for air cooling 
in a dust tight enclosure designed for operation outdoors at an elevation of 

7000 feet above sea level. The shunt reactors were installed with relays.such 
that when either generator activates the main generator bus, the shunt reactor 
would switch onto the main generator bus. When commercial power is restored, 

the shunt reactors are removed from the main generator bus manually before the 
main utility tie is reclosed. 

On November 4, 1981, a field test was made on the shunt reactor installation. 
Reactive power meters had recently been installed on each generating unit. Strip 
chart recorders were set up to measure V V I I V,. and VA__ for each machine. AH UC A B I AVR 
The utility power was disconnected, and both engines started after a 90 second 
delay. Both units came up to rated speed and voltage in about ten seconds. 
The shunt reactor did not come on line. The units synchronized and the units came 
on line followed by what appeared to be an Immediate tripping of unit One. The 
strip charts show that both units were serving the load for a period of about 
4 or 5 seconds. During this time, the field voltage for unit One decreased 
to zero and the field voltage for unit Two decreased to 40 volts. Unit One 
tripped at the point where its field voltage hit zero. The voltage regulator 
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for unit Two had zero output when the tie breaker closed, but came on after 
about two seconds and maintained a significant output required for the 40 volts 
to the machine field. Generator Two carried the load for twenty minutes over-
loaded to around 700 amps per phase. 

The engines were shut down, and the relay breaker trip mechanism for the 
shunt reactor was adjusted. The engines were started again and both units came 
up to rated speed and voltage in about three seconds. The shunt reactor did not 
come on line. The units synchronized and came on line in about fifteen seconds 
and served the load in parallel for about five seconds when unit One tripped out. 
This occurred as in test #1 only the unit tripped out with a field voltage of 10 
volts compared to 60 volts on unit Two. The unstable line currents are visible 
growing quantities on the strip charts for unit One. Generator Ttoo carried 
the load for ten minutes overloaded to around 800 amps per phase. While the two 
units were in operation, a severe imbalance in the reactive power output of each 
unit was observed on the newly installed reactive power meters. The engines 
were started again in order to observe each meter individually to determine if 
the meters were wired with the proper polarity. The meters read the same when 
energized individually. The units were shut down and the regulator wiring was 
examined and compared to the construction drawings. The parallel compensation 
circuits were checked and the as wired polarities are shown in Figures 26 and 
27. The parallel compensation current transformer for unit #1 was looped on 
B phase in reverse polarity. Since the regulators had operated adequately with 
short lengths of load cable in the past, it was decided to test the units as 
wired with the reactor to make sure that the polarity needed to be reversed. 

The shunt reactor was put on line manually. The engines were started and 
both units reached rated voltage and speed in about three seconds. The units 
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immediately paralleled and were automatically switched on to the load. The units 
stayed in parallel operation for eight minutes at which time they were shut down. 
During operation, unit One was producing reactive power while unit Two was ab-
sorbing reactive power with almost zero going to or coming from the load. The 
generator line currents were still near 700 amps each. Clearly, the reversed 
polarity on the parallel compensating current transformer of unit One was 
causing a large circulating reactive power out of One and into Two. This is 
verified by the strip chart recordings. During the parallel operation, the 
unit One field voltage was nearly 100 volts, while that of unit Two was 15 volts. 
The reverse polarity which caused unit One to be extremely underexcited with the 
cable load caused it to be extremely overexcited with the shunt reactor installed 
to give unity power factor. 

Wire number 114 from the unit One parallel compensating current transformer 
polarity mark was moved from the voltage regulator terminal 2 to terminal 1. Wire 
number 110 was moved from terminal 1 to terminal 2. This was done since physically 
flipping the current transformer would have required disconnecting the main 
generator supply conductors. The units were started again with the reactor put 
on manually. They synchronized and came on line immediately. The generator line 
currents dropped to 200 amps each and the reactive power imbalance was considerably 
less, showing 100 out of unit One and 100 into unit Two and zero to the load. 
This is verified by the strip chart recordings which showed 65 volts on the 
field of unit One and 40 volts on the field of unit Two. This was considered 
a successful test as all of the load was served by both units in parallel in the 
13 mile configuration with low generator currents. 

The utility power was restored as the group attempted to determine the reason 

why the shunt reactor did not come on line as designed. The drive motor arm on 
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th e shunt reactor breaker was found to be inoperative and adjusted. The utility 
power was then disconnected and a final test was performed. The engines started 
and the generators came up to rated speed and voltage. The shunt reactor 
attempted to come on line but did not. The flag was half way down indicating 
the drive motor either did not have full voltage or was only energized for a 
small amount of time. Only unit One came on line and it could not supply the 
load. The control building load had not shunt tripped when the utility power 
was disconnected. Unit One was disconnected and allowed to synchronize with 
unit Two before reclosing the tie breaker manually. The units operated in 
parallel without the shunt reactor for ten minutes, at which time the reactor 
came on line without any manual activation. The units were both shut down, and 
utility power was restored. 
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IV. CONCLUSIONS AND RECOMMENDATIONS 
There were two causes of the major problems with the parallel operation of 

the two generators at the VLA site. The basic problem of extreme leading power 
factor load was eliminated successfully with the installation of the shunt reactor 
on the generator terminals. This allows either generator One or Two to supply 
the total emergency load with full cable connection for extended periods of time 
without overload. The main generator step up transformer loading should be 
monitored to ensure that this loading is not excessive in future runs. Since the 
reactors are on the low voltage side, the step up transformer will be required 
to carry the same load as when the reactors were not installed. The reactors 
serve only to unload the generators, and not the main transformer. 

The generators do not currently have under/over frequency relays or under/over 
voltage relays for emergencies. These should be considered for protection of 
the generators and load in the case when load shunt trips malfunction or other 
failures occur. 

The second cause of the problems with the parallel operation was the 
incorrect wiring of the parallel compensating current transformer on generator 
One. Although this did not cause instabilities at light reactive power loading, 
it did cause excessive current circulation which was not apparent until the 
reactive power meters were installed. Even when the polarity was corrected, a 
slight imbalance was still present. This can be eliminated by adjusting the 
current compensating resistor R25 of the Basler regulator. It may have been 
possible to fine tune the regulators to allow automatic parallel operation 
without the shunt reactors after the polarity was corrected. This still would 
not have allowed single unit operation during outages and would thus have 
eliminated the original reason for having two generators as a reliability factor. 
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The engineering drawings of the control wiring have considerable errors. 
These should be corrected to agree with the existing wiring. 

Recent conversations with site personnel indicate that the shunt reactor 
trip was prohibited by a defective relay that was replaced. Subsequent tests and 
actual outages have resulted in normal operation of all standby power equipment. 
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