S-18.3154 Electricity Distribution and Markets	ED&M_Exercise02	    Voltage Drop

1) 

a) What is the approximate formula for calculating the voltage drop in the line voltage of a feeder in terms of I, R, X and ?

b) Derive the previous formula in task 1a) using active power P instead of current I.
c) Derive the formula in terms of active power P and reactive power Q

d) A medium voltage feeder supplies a single load where P = 2.6 MW, Qind = 1.1 Mvar. The load is situated 10 km from the substation. The voltage at the load is 20.5 kV and the feeder impedance is z = (0.5+j0.38) Ω/km.

What is the approximate voltage drop in the feeder?

e) What is the approximate voltage drop using the more accurate formula?

f) What is the approximate voltage drop if the power factor is leading?

g) What is the voltage drop if the power factor is leading using the more accurate formula?


2)
U
1
R, X
U
2
P, Q
U
1
 = 21,0 kV
R = 2 

X = 4 

P = -700,0 kW
Q = 0

In the Figure above, all the other values are known, except the voltage at the far end U2. Calculate the voltage rise using the various methods. 
	
3)
A new MV (20 kV) feeder is planned, to feed a demand dominated substation 5km away, and two distributed generation-dominated substations, a further 10 and 5 km from the primary substation. The accountant wants to use the smallest (and cheapest) cable, and says that an engineer thinks the smallest cable (50 mm2 Al conductor) in the table in ED&M03 slide 10 will be OK, as it can handle the maximum demand-dominated loading at the end of a 20 year period of 3 %/annum load growth. You agree, but remembering the course Electricity Distribution and Markets you took at Aalto, you mention that thermal loading is only one parameter, the situation with the sun shining and the wind blowing needs to be checked, and that (at least) voltage should also be checked…
	



Table 1	Maximum and minimum demands at each substation, before and after the 20 year projected load growth of 3 %/annum covering both demand and distributed generation.
	Node
	Pmax,0
	Pmax,20
	Qmax,0
	Qmax,20
	Qcomp,20
	Pmin,0
	Pmin,20
	Qmin,0
	Qmin,20
	Qcomp,20

	
	(kW)
	(kvar)
	(kW)
	(kvar)

	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	1
	650
	1174
	214
	387
	0
	217
	391
	71
	129
	0

	2
	700
	1264
	230
	425
	0
	-2000
	-3612
	0
	0
	0

	3
	700
	1264
	230
	425
	0
	-2000
	-3612
	0
	0
	0
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Figure 1  Resistances and reactances of the AHXAMK-W 3x50Al+35Cu 20 kV Wiski cable, which has lengths of 5 km, 10 km and 5 km for line sections 1, 2 and 3, respectively.

Check the cable system for ampacity, i.e. make sure the maximum loading doesn’t cause currents greater than 155 A.

Check the cable system for voltage, setting a limit of 10% for voltage drop and 5% for voltage rise. If these limits are exceeded, what can you do about it?

Guidance for solving the exercises
1) 

a) What is the approximate formula for calculating the voltage drop in the line voltage of a feeder in terms of I, R, X and ?

Try to remember the basic phasor diagram for voltage drop with a lagging (inductive) power factor (current lags the voltage). 

If your memory fails you: 
· draw a horizontal line that represents the sending end voltage phasor:

Uph,1


· Draw another line (about 2/3 the length) from the same origin that lags the sending end voltage by just a little (this is the receiving end voltage)
· Draw a shorter line from the same origin that represents the lagging current (note that the phasors rotate in the anticlockwise direction, so lagging means a rotation in the clockwise direction)
· You now need to make two more phasors that join the receiving end voltage phasor Uph,2 with the sending end voltage phasor Uph,1. Note that the IR phasor is in phase with the lagging current, and the jIX phasor is orthogonal (at right angles, i.e. 90)
· Derive the single-phase version of the voltage drop formula with the aid of the diagram you have just drawn.
· Convert this formula to its 3-phase line voltage drop form.

Go to phasor diagram in lecture material (ED&M03 slide 4) and check

b) Derive the previous formula in task 1a) using active power P instead of current I.
I didn’t make this derivation in the lecture material (the formula with tan𝜑 in ED&M03 slide 5). Just substitute I=P/(√𝟑Ucos𝜑).

c) Derive the formula in terms of active power P and reactive power Q
Hints on how to do this are given in the yellow box in slide 5. 
Just substitute 𝑐𝑜𝑠𝜑 = P/(√3 U I ) and 𝑠𝑖𝑛𝜑 = Q/(√3 U I )…

d) A medium voltage feeder supplies a single load where P = 2.6 MW, Qind = 1.1 Mvar. The load is situated 10 km from the substation. The voltage at the load is 20.5 kV and the feeder impedance is z = (0.5+j0.38) Ω/km.

What is the approximate voltage drop in the feeder?




e) What is the approximate voltage drop using the more accurate formula?



			




Was this worth all the effort?

f) What is the approximate voltage drop if the power factor is leading?


g) What is the voltage drop if the power factor is leading using the more accurate formula?


Slightly more error, but good enough?


2)
U
1
R, X
U
2
P, Q
U
1
 = 21,0 kV
R = 2 

X = 4 

P = -700,0 kW
Q = 0

In the Figure above, all the other values are known, except the voltage at the far end U2. Calculate the voltage rise using the various methods.
Solve by iteration (we know U1, but we need to know U2)

	New value for U2 = 21.0e3 + 65.12 = 21065 V
	
			
Conversion! This is a trivial problem, but it can be solved directly with the quadratic equation, or you could use the more accurate form of the voltage drop equation…

3)
A new MV (20 kV) feeder is planned, to feed a demand dominated substation 5km away, and two distributed generation-dominated substations, a further 10 and 5 km from the primary substation. The accountant wants to use the smallest (and cheapest) cable, and says that an engineer thinks the smallest cable (50 mm2 Al conductor) in the table in ED&M03 slide 10 will be OK, as it can handle the maximum loading at the end of a 20 year period of 3 %/annum load growth. You agree, but remembering the course Electricity Distribution and Markets you took at Aalto, you mention that thermal loading is only one parameter, and that (at least) voltage should also be checked…
	

Table 2	Maximum and minimum demands at each substation, before and after the 20 year projected load growth of 3 %/annum covering both demand and distributed generation.
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Figure 2  Resistances and reactances of the AHXAMK-W 3x50Al+35Cu 20 kV Wiski cable, which has lengths of 5 km, 10 km and 5 km for line sections 1, 2 and 3, respectively.

Check the cable system for ampacity, i.e. make sure the maximum loading doesn’t cause currents greater than 155 A.

Summing the demand-dominated loading gives a maximum load flow in line section 1, where Pline,1 = 3702 kW and Qline,1 = 1237 kvar, and so Sline,1 = 3903 kVA.
=113 A, so it’s OK for demand… 
[bookmark: _GoBack]Summing the generation-dominated loading gives a maximum load flow in line section 2, where Pline,2 = -7224 kW and Qline = 0 kvar.
= 208 A, so it seems that the scenario with the distributed generation producing its maximum output was overlooked!

Check the cable system for voltage, setting a limit of 10% for voltage drop and 5% for voltage rise. If these limits are exceeded, what can you do about it?
First, here are the results for the demand-dominated scenario, using Excel
[image: ]



And here is the situation with DG-dominance…
[image: ]

Notes: Thanks to Juha Anttila for pointing out the mistake in the demand-dominated Qline,1.

Note also: that I have changed the values of Pmin,0 and Pmin,20 for line 1 from the original values I used in the exercise tutorial. They are 1/3 of their max. values, which is quite a typical assumption for demand if there is no better data available
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Rline/km= 0.76 Ohm/km

Xline/km= 0.141 Ohm/km

Note these impedance values are for the smallest (50mm

2

) conductor section

Try impedance values for larger conductor sizes, e.g., 0.15 + j0.11 
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2
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You can play with different sending end (primary substation) voltages to give you the best spread of voltages over the feeder…

Line 1 Sending end voltage 21000 V Receiving end voltage =  20263

Pline 3702000 W Ud_line_section= 3.69 %

Qline 1237000 var Total Ud= 3.69 %

Line length 5 km

R 3.800

W

X 0.705

W

Line 2 Sending end voltage 20262.7 V Receiving end voltage =  19199.59 V

Pline 2528000 W Ud_line_section= 5.32 %

Qline 850000 var Total Ud= 9.00 %

Line length 10 km

R 7.600

W

X 1.410

W

Line 3 Sending end voltage 19199.59 V Receiving end voltage =  18930.03

Pline 1264000 W Ud= 1.35 %

Qline 425000 var Total Ud= 10.35

Line length 5 km

R 3.800

W

X 0.705

W

Demand domininated ("max") loading
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3 700 1264 230 425 0 -2000 -3612 0 0 0

Try playing around with capacitor banks (var compensation) at the substations!
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= 0 kvar
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Distributed generation domininated ("min") loading

You can play with different sending end (primary substation) voltages to give you the best spread of voltages over the feeder…

Line 1 Sending end voltage 19000 V Receiving end voltage =  20276 V

Pline -6833000 W Ud_line_section= -6.38 % W

Qline 129000 var Total Ud= -6.38 % var

R 3.800

W W

X 0.705

W W

Line 2 Sending end voltage 20276.11 V Receiving end voltage =  22695.22 V V

Pline -7224000 W Ud_line_section= -12.10 % W

Qline 0 var Total Ud= -18.48 % var

R 7.600

W W

X 1.410

W W

Line 3 Sending end voltage 22695.22 V Receiving end voltage =  23284.69 V

Pline -3612000 W Ud= -2.95 % W

Qline 0 var Total Ud= -21.42 var

R 3.800

W W

X 0.705

W W

Node

(kW) (kvar) (kW) (kvar)


