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Definitions

In order to describe the changing load, the following terms are
defined:

1. Demand
a. Load averaged over a specific period of time
b. Load can be kW, kvar, kVA, or VA
c. Must include the time interval
d. Example: The 15 min kW demand is 100 kW
2. Maximum demand
a. Greatest of all demands that occur during a specific time
b. Must include demand interval, period, and units
c. Example: The 15 min maximum kW demand for the week was 150
kW
3. Average demand
a. The average of the demands over a specified period (day, week,
month, etc.)
b. Must include demand interval, period, and units
c. Example: The 15 min average kW demand for the month was 350 kW
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Definitions

4. Diversified demand
a. Sum of demands imposed by a group of loads over a particular period
b. Must include demand interval, period, and units
c. Example: The 15 min diversified kW demand in the period ending at 9:30 was
200 kW
5. Maximum diversified demand
a. Maximum of the sum of the demands imposed by a group of loads over a
particular period
b. Must include demand interval, period, and units
c. Example: The 15 min maximum diversified kW demand for the week was 500
kW
6. Maximum noncoincident demand
a. For a group of loads, the sum of the individual maximum demands without
any restriction that they occur at the same time
b. Must include demand interval, period, and units
c. Example: The maximum noncoincident 15 min kW demand for the week was
700 kW
7. Demand factor
a. Ratio of maximum demand to connected load
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Definitions

8. Utilization factor
a. Ratio of the maximum demand to rated capacity

9. Load factor
a. Ratio of the average demand of any individual customer or a
group of customers over a period to the maximum demand over
the same period

10. Diversity factor
a. Ratio of the “maximum noncoincident demand” to the
“maximum diversified demand”

11. Load diversity
a. Difference between “maximum noncoincident demand” and
the “maximum diversified demand”
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Individual Customer Load
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Fig.1 Customer demand curve

The demand curve is broken into equal time intervals. In Fig.1, the selected time
interval is 15 min. In each interval, the average value of the demand is determined.
The straight lines represent the average load in a time interval. The shorter the
time interval, the more accurate will be the value of the load.
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Individual Customer Load
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Fig.2 24-hour demand curve for customer#1 (from AMI, notice 15 min. incr.)

Calculate: 1) maximum demand; 2) Average demand; 3) Energy
usage (total kWh); 4) Load factor

For this customer, the “15 min maximum kW demand” occurs at 13:15 and has a
value of 6.18 kW.
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Individual Customer Load
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15 min kW demand

Time of day
Fig.2 24-hour demand curve for customer#1 (from AMI, notice 15 min. incr.)

During the 24 h period, energy (kWh) will be consumed. The energy in kWh used
during each 15 min time interval i1s computed by:

kWh= (15min _kW_demand) X ih Sum these over the time period.
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Individual Customer Load

6

5

4_

0 TITTTTITITTIT TTTITT T T 1 u|||

0:15 2:00 3:45 5:30 7:15 9:.00 10:45 12:30 14:15 16:00 17:45 19:30 21:15 23:00

15 min kW demand

Time of day
Fig.2 24-hour demand curve for customer#1 (from AMI, notice 15 min. incr.)

The total energy consumed during the day is the summation of all of the 15 min interval
consumptions. The total energy consumed during the period by customer #1 is 58.96 kWh.
The “15 min average kW demand” is computed

Total_energy  58.96

Average demand= = 2.46kW
Hours 24
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Individual Customer Load

15 min kW demand

8T
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Time of day
Fig.2 24-hour demand curve for customer#1 (from AMI, notice 15 min. incr.)

“Load factor” is a term that is often referred to when describing a load. It is defined as the
ratio of the average demand to the maximum demand. In many ways, load factor gives an
indication of how well the utility's facilities are being utilized. From the utility's standpoint,
the optimal load factor would be 1.00 since the system has to be designed to handle the
maximum demand. Sometimes utility companies will encourage industrial customers to
improve their load factor. One method of encouragement is to penalize the customer on the
electric bill for having a low load factor.
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Individual Customer Load

15 min kW demand

T
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Fig.2 24-hour demand curve for customer#1 (from AMI, notice 15 min. incr.)

For customer #1 in Fig.2 the load factor is computed to be
Average_15_min _KW_demand _ 2.46

Max. 15 min kW demands " 6.18

Load factor = = 0.40

System capacity must meet maximum demand.
Ideal load factor is 1.0.
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Distribution Transformer Loading
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Distribution Transformer Loading

Table 1 Individual Customer Load Characteristics

Customer #1 Customer #2 Customer #3  Customer #4

Energy usage (kWh) 58.57 36.46 95.64 42.75

Maximum kW demand 6.18 6.82 493 7.05

Time of maximum kW 13:15 11:30 6:45 20:30
demand

Average kW demand 2.44 1.52 3.98 1.78

Load factor 0.40 0.22 0.81 0.25

A distribution transformer will provide service to one or more customers. Each
customer will have a demand curve similar to that of Fig. 2. However, the peaks
and valleys and maximum demands will be different for each customer.

The load curves for the four customers show that each customer has its unique
loading characteristic. The customers’ individual maximum kW demand occurs at
different times of the day. Customer #3 is the only customer who will have a high
load factor. A summary of individual loads is given in Table 1. The four customers
given in Table 1 demonstrate that there is great diversity between their loads.
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Diversified Demand

The sum of the four 15 kW demands for each time interval is the ‘“diversified
demand” for the group in that time interval, and in this case, the distribution
transformer. The 15 min diversified kW demand of the transformer for the day is
shown in Fig.6

Maximum Diversified Demand: It occurs at 17:30 and has a value of 16.16
kW.
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Fig.6 Transformer diversified demand curve
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Maximum Noncoincident Demand

The “15 min maximum noncoincident kW demand” for the day is the sum of the
individual customer 15 min maximum kW demands. For the transformer in
question, the sum of the individual maximums

Max_noncoincident demand = 6.18 + 6.82 + 4.94 + 7.05 = 24.98kW
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Diversity Factor

By definition, diversity factor (DF) is the ratio of the maximum noncoincident demand of a
group of customers to the maximum diversified demand of the group. With reference to the
transformer serving four customers, the DF for the four customers would be:

Max_noncoincident_demand = 6.18 + 6.82 + 4.94 + 7.05 = 24.98kW
Max._noncoincident_demand_z4-.98 — 15458

Max. diversified demand 16.16

Diversity factor =
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Diversity Factor

Table 2 1s an example of the DFs for the number of customers
ranging from 1 up to 70. The table was developed from a different
database than the four customers that have been discussed
previously.

Table 2 Diversity Factors

N DF N DF N DF N DF N DF N DF N DF

1 1.0 11 267 21 280 31 3056 41 313 51 315 461 318
2 1leb 12 270 22 282 32 346 42 315 52 315 62 318
3 180 13 274 23 294 35 308 43 314 53 316 63 3.18
4 210 14 278 24 29 34 309 44 314 54 316 64 3.9
B 220 15 280 25 298 35 310 45 314 55 316 65 319
6 230 16 282 26 300 36 310 46 314 56 317 66 3.19
7 240 17 284 20 301 & 3L 4¥ 315 B BA7 67 319
8 255 18 2B6 28 302 38 312 48 315 58 317 68 319
9 260 19 28 20 304 39 312 49 31b 29 318 69 3.2

10 265 20 290 30 305 40 313 50 315 60 3.18 70 3.20
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Diversity Factor
A graph of the DFs 1s shown in Fig.8.
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Fig.8 Diversity Factor

Note that, in Table 2 and Fig. 8, the value of the DF basically leveled out when the number of
customers reached 70. This 1s an important observation because it means, at least for the
system from which these DFs were determined, that the DF will remain constant at 3.20 from
70 customers and above. In other words as viewed from the substation, the maximum
diversified demand of a feeder can be predicted by computing the total noncoincident
maximum demand of all of the customers served by the feeder and dividing by 3.2.
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Demand Factor

Customer #1
Peak demand 1s 6.18 kW.
Assume total connected load 1s 35kW.

Max. demand
Total connected load

Demand factor =

This 1s for individual customers. We may be able
to total up demand for all connected appliances and
then apply demand factor to estimate peak demand
of the customer.
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Utilization Factor

The utilization factor gives an indication of how well the capacity of
an electrical device 1s being utilized. For example, the transformer
serving the four loads i1s rated 15 kVA. Using the 16.16 kW
maximum diversified demand and assuming a power factor of 0.9,
the 15 min maximum kVA demand on the transformer 1s computed
by dividing the 16.16 kW maximum kW demand by the power
factor and would be 17.96 kKVA. The utilization factor 1s computed

to be:

Max._kVA_demand __17.96

1l1zat r = = = 1.197
Utlhzatlon_facto Transformer_kVA_rating 15 7
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Load Diversity

Load diversity 1s defined as the difference between the
noncoincident maximum demand and the maximum diversified
demand

For our example transformer with 4 customers:

Load Diversity= 24.97 — 16.16 = 8.81kV A
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Feeder Load

In the analysis of a distribution feeder, “load” data will have to be specified. The
data provided will depend upon how detailed the feeder is to be modeled and the
availability of customer load data. The most comprehensive model of a feeder
will represent every distribution transformer. When this is the case, the load
allocated to each transformer needs to be determined.
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Fig.9 Feeder demand curve
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Application of Diversity Factors

The definition of the DF 1s the ratio of the maximum noncoincident
demand to the maximum diversified demand. DFs are shown in
Table 2. When such a table 1s available, then 1t 1s possible to
determine the maximum diversified demand of a group of
customers such as those served by a distribution transformer. That
1s, the maximum diversified demand can be computed by:

Max. noncoincident_ demand

Diversity f; r =
versity_facto Max. diversified_demand

Max. noncoincident demand
DE,
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But how could we know peak demand?
(w/0 demand mitr)

Many times the maximum demand of individual customers will be known either from metering
or from knowledge of the energy (kWh) consumed by the customer. Some utility companies
will perform a load survey of similar customers in order to determine the relationship between
the energy consumption in kWh and the maximum kW demand. Such a load survey requires the

installation of a demand meter at each customer's location.
Relate energy consumption to peak demand through study:

» Similar type of customers (residential)
* Metering on each customer for study

105 12

- | / The plot of points for 15 customers

d (kW)

15 min maximum kW deman

, along with the resulting equation
/ derived
19 0 . — o Max._kW_demand = 0.1058 + 0.005014 « kWh

500 kWh; 2000
Energy (kWh)

Fig.10 kW demand versus kWh for residential customers
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Example 1

Analyze a single phase lateral.

Lateral means “to the side” like a lateral pass.

Want to know voltages and flows.

We just know energy usage for each customer (kWh).

~~yv 11 NTW N e T3
Vo Hl A A A A

9 10 11 12 13 14 15 16 17 18

v
3

Fig.11 Single-phase lateral
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Example 1

A single-phase lateral provides service to three distribution
transformers as shown in Fig.11.
The energy in kWh consumed by each customer during a month 1s
known. A load survey has been conducted for customers 1n this class,
and 1t has been found that the customer 15 min maximum kW
demand is given by the equation

deemand —_ 02 + OOOB*kWh

The kWh consumed by customer #1 is 1523 kWh. The 15 min
maximum kW demand for customer #1 1s then computed as

kW; = 0.2+ 0.008 %1523 =124
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Example 1

The results of this calculation for the remainder of the customers are summarized in the
following table by transformer
Transformer T1

Customer #1 #2 #3 #4 #5

kWh 1523 1645 1984 1590 1456
kW 124 134 161 129 119
Transformer T2

Customer #6 #7 #8 #9 #10 #11

kWh 1235 1587 1698 1745 2015 1765
kW 101 129 138 142 163 143
Transformer T3
Customer #12 #13 #14 #15 #16 #17 #18
kWh 2098 1856 2058 2265 2135 1985 2103
kW 17.0 15.1 16.7 18.3 17.3 16.1 17.0
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Example 1

Q1: Determine for each transformer the 15 min noncoincident
maximum kW demand, and using the DFs in Table 2, determine the
15 min maximum diversified kW demand.

Q2: Determine the 15 min noncoincident maximum kW demand
and 15 min maximum diversified kW demand for each of the line

segments
Tab.2 Diversity Factors

N DF N DF N DF N DF N DF N DF N DF
1 1.0 1 267 21 29 31 305 41 313 51 315 61 3.18
2 160 12 270 22 292 32 306 42 313 52 315 62 3.18
3 180 13 274 23 294 33 308 43 314 53 316 63 318
4 210 14 278 24 29 34 309 44 314 54 316 64 319
5 220 15 280 25 298 35 310 45 314 55 316 65 3.19
6 230 16 282 26 300 36 310 46 314 56 317 66 3.19
7 240 17 284 27 301 37 311 47 315 57 317 67 319
8§ 255 18 28 28 302 38 312 48 315 58 317 68 319
9 260 19 288 29 304 39 312 49 315 59 318 69 320

—
—
=

265 20 29 30 305 40 313 50 315 e0 318 70 3.20
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Example 1

Q1: Determine for each transformer the 15 min noncoincident maximum kW
demand, and using the DFs in Tab.2, determine the 15 min maximum diversified

kW demand.
T1: Noncoin. max.=12.4+13.4+16.1 +12.9+11.9=66.7kW

Noncoincident max 66.7
= = = 30.3kW

Max. div. demand = —— = —
— — Diversity_factor_for_5 2.20

T2: Noncoin. max.=12.9+13.8+ 142+ 163+ 14.3 +17.0 = 81.6kW

Noncoincident_max 81.6
— = = 35.5kW
Diversity_factor_for_5 2.30

Max. div. demand =

T3: Noncoin. max.=17.0+15.1+16.7+183+17.3+16.1+17.0=117.5kW

Noncoincident_max 117.5
—— = = 49.0kW
Diversity_factor_for_5 2.40
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Example 1

N1 N2 N3 N4
What size should the transformers be? L JN JW
”T“ ”T” ”T“

-

N

10 11 12 13 14 15 161 1

pPa—
Pa—

a—

-

Choose from 25, 37.5, or 50 kVA.

(3%
—
e

Based upon the 15 min maximum kW diversified demand on each transformer and an
assumed power factor of 0.9, the 15 min maximum kVA diversified demand on each

transformer would be
Max. kVA. demand(T1) = E = 33.7

Max. kVA. demand(T2) = —' = 394

Max. kVA. demand(T3) = 20 = 544

The kVA ratings selected for the three transformers would be 25, 37.5, and 50 kVA,
respectively. With those selections, only transformer T1 would experience a significant

maximum kVA demand greater than its rating (135%).
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Example 1

Q2: Determine the 15 min noncoincident maximum kW demand and 15 min
maximum diversified kW demand for each of the line segments

Segment N1 to N2:
The maximum noncoincident kW demand is the sum of the maximum demands of
all 18 customers.

Noncoin. max. demand = 66.7 + 81.6 + 117.5 = 265.8kW

The maximum diversified kW demand is computed by using the DF for 18

customers 2658

Max. div. demand = Pyvia 92.9kW

R R N
| M | i 1 M |
LTI

\
3
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Example 1

Q2: Determine the 15 min noncoincident maximum kW demand and 15
min maximum diversified kW demand for each of the line segments

Segment N2 to N3:

This line segment “sees” 13 customers. The noncoincident maximum
demand 1s the sum of customer numbers 6 through 18. The DF for 13
(2.74) is used to compute the maximum diversified kW demand.

Noncoin. demand = 81.6 + 117.5 = 199.1kW

Max._div._demand = — = 72.7kW

N1 N2 N3 N4

.

T T
A A e A A A A A A A A A A

\
3
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Example 1

Q2: Determine the 15 min noncoincident maximum kW demand and 15
min maximum diversified kW demand for each of the line segments

Segment N3 to N4:
This line segment “sees” the same noncoincident demand and diversified
demand as that of transformer T3.

Noncoin. demand = 117.5kW

Max. div. demand = 49.0kW

3¢

MTIII MMTzH NT%
ERARERREN |

\
3
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Transformer load management:

If we know which customers are connected
to which transformer, we can estimate the
xfmr max. diversified demand to check for
overloaded transformers.

* Prevent transformer failures

* Prevent transformer fires
* Better usage of capital (money)
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Another Approach - Allocation Factor
(top down):

What if we know

1) The peak demand for the whole feeder
2) The apparent power rating of all the
transformers connected to the feeder.

Metered_demand
kVA total

where
* Metered demand can be either kW or kVA
* kVA,,, 1s the sum of the kVA ratings of all distribution transformers

The allocated load per transformer is then determined by

Transformer_demand = AF * kVA ansrormer
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Example 2

Assume that the metered maximum diversified kW demand for the system of
Example 2.1 1s 92.9 kW. Allocate this load according to the kVA ratings of the

three transformers.
kVA total= 25+ 37.5+ 50 =112.2

92.9

AF = —— = 0.8258 kW/kVA
112.5

The allocated kW for each transformer

T1:kW= 0.8258 * 25 = 20.64 kW
T2:kW= 0.8258 * 37.5 = 30.97 kW

T3:kW= 0.8258 * 50 = 41.29 kW

N1 N2 N3

. W. ] .w JNH
= R
R

A~ Y T2

TTITTT T T T1T

3 9 10 11 12 13 14 15 16 17 18
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Voltage Drop Calculations Using
Allocated Loads

Will use two allocation methods:

1) Diversity Factors — bottom up approach
2) Allocation factor — when substation metering data available

A/
ot ol

iR 7T

101112131 1 16 17 18
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Example 3

For the system of Example 2.1, assume the voltage at N1 is 2400 V and compute
the secondary voltages on the three transformers using the DFs.

The system of Example 2.1 including segment distances 1s shown in following
figure.

Assume that the power factor of the loads 1s 0.9 lagging.

The impedance of the lines are z = 0.3 + j0.6 (2/mile

The rating of the transformers are as follows:

T1:25kVA, 2400 — 240 V,Z = 1.8/40%
T2:37.5kVA, 2400 —240V,Z = 1.9/45%
T3:50 kVA, 2400 — 240 V,Z = 2.0/50%

N1 5000ft N2 500 ft N3 750 ft N4
& @ . =]
gy Hedn By
| 11l ]l |
IR EE Y EEEEE )
] 2 4 5 6 7 8 910111213 14 15 16 17 18
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Example 3

For the system of Example 2.1, assume the voltage at N1 1s 2400 V and compute
the secondary voltages on the three transformers using the DFs.
The system of Example 2.1 including segment distances is shown in following

figure.
Assume that the power factor of the loads 1s 0.9 lagging.
The impedance of the lines are z = 0.3 + ;0.6 2/mile

From Example 2.1 the maximum diversified kW demands were computed.
Using the 0.9 lagging power factor, the maximum diversified kW and kVA
demands for the line segments and transformers

Segment N1-N2: P;, = 92.9 kW, §;, = 92.9 + j45.0 kVA
Segment N2-N3: P23 =72.6 kW, 523 = 72.6 + ]352 kVA

Segment N3-N4: P, = 49.0 kW, S5, = 49.0 + j23.7 kVA
Transformer T1: Py = 30.3 kW, Sy; = 30.3 +j14.7 kVA

Transformer T2: Py, = 35.5 kW, Sy; = 35.5 +j17.2 kVA
Transformer T3: Pr3 = 49.0 kW, S;; = 49.0 +j23.7 kVA
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Example 3

Convert transformer impedances to Ohms referred to the high voltage side

__ kVZx1000 _ 2.42x1000

T1: Zpgse = —py— = ——— = 230.4 Q

ZT1, = (0.0182£40) * 230.4 = 3.18 +j2.67 Q

__ kV2%1000 __ 2.4%%x1000

T2: Zpgse = —poy— = ———— = 153.6 Q

ZT, = (0.019£45) * 153.6 = 2.06 +j2.06

kV2x1000  2.4%2x1000

Z1, = (0.02£50) * 115.2 = 1.48 +j1.77 Q

Compute the line impedances:

N1 — N2: Zy, = (0.3 +0.6) == = 0.2841 +j0.5682 0
N1 —N2: Z;, = (0.3 +0.6) = = 0.2841 +j0.5682 0

N1—N2: Z;, = (0.3 +j0.6)% = 0.2841 +j0.5682 O
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Example 3

Calculate the current flowing in segment N1-N2:

112 _ (kW+]kvar) _ (92.;3:21)5.0)*: 43.07 —25.84 A

Calculate the voltage at N2:
Vo =V1 =250,
V, = 240040 — (0.2841 + j0.5682) * 43.04 — 25.84 = 2378.44 - 0.4V

Calculate the current flowing into T1:

Iy = (L = (2 2y = 14162 —26.24 A

Calculate the secondary voltage referred to the high side:
Vpy = Vo —Zpql7q
Vpp = 237844 — 0.4 — (3.18 + j2.67) * 14.16£ — 26.24 = 2321.54 - 08V
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Example 3

Compute the secondary voltage by dividing by the turns ratio of 10:

Viowr, = =22 = 23312 —0.8 V

Calculate the current flowing in line section N3—N4:

L kW + jkvar , 49.0+23.7 220 — 26.97 A
34 = ( kV )= (2.37674— 0.4) o '

Vo = V3 —Z3ylzy

Calculate the voltage at N4:
V, = 2376.74£ —0.4— (0.0426+0.0852)*22.9 £ —26.27=2375.0  —0.5 V

I;s = 22.912 — 2630 A

The current flowing into T3 is the same as the current from N3 to N4:
Calculate the secondary voltage referred to the high side:

Vg = Vo — Zr3lrs
Vr3 = 2375.02 — 0.5 — (1.48+j1.77)%22.9 £ — 26.27=23269 2 —-1.0V
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Example 3

Compute the secondary voltage by dividing by the turns ratio of 10:

Viowys = 2326'30“1'0 =232.72-1.0V

Calculate the percent voltage drop to the secondary of transformer T3. Use
the secondary voltage referred to the high side:

V1= V3l 2400-2326.11
Varop = —1, 11 * 100 = =222 5 100-3.0789%
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Example 4

For the system of Example 2.1, assume the voltage at N1 1s 2400 V, and
compute the secondary voltages on the three transformers, allocating the
loads based upon the transformer ratings. Assume that the metered kW
demand at N1 1s 92.9 kW.

The impedances of the line segments and transformers are the same as in
Example 2.3.

Assume the load power factor is 0.9 lagging, and compute the kVA demand
at N1 from the metered demand:

S12 = == £.cos1(0.9) = 92.9 + j45.0 = 103.2£25.84 kVA

Calculate the AF:
103.2425.84

F =5 1375150

IOWA STATE UNIVERSITY ECpE Department
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Example 4

Allocate the loads to each transformer:

Sr1 = AF x kVA;, = (0.9175225.84)%25=20.6+10.0 kVA
Sro = AF x kVA, = (0.9175225.84)*37.5=31.0+j15.0 kVA
Srs = AF * kVAps = (0.9175225.84)*50=41.3+j20.0 kVA

Calculate the line flows:

512 — STl + STZ + ST3 — 929 +]450 kVA
523 — STZ + ST3 — 723 +]350 kVA
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Example 4

Using these values of line flows and flows into transformers, the procedure
for computing the transformer secondary voltages is exactly the same as in
Example 2.3. When this procedure is followed, the node and secondary
transformer voltages are

V, =2378.124—-04V  Vlowy, = 234.02 —0.6 V

V, =2376.14—-04V  Vlowp, = 233.72-0.8 V
V, = 237492 —-05V Vlowp; = 233.54-09V

The percent voltage drop for this case is

AR 2400—-2334.8
Varop = =10 * 100 = === 5 100-2.7179%
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[.oad Duration Curve

A “load duration curve” can be developed for the transformer serving the four
customers. Sorting in a descending order, the kW demand of the transformer
develops the load duration curve shown 1n Fig.7.

The load duration curve plots the 15 min kW demand versus the percent of time the
transformer operates at or above the specific kW demand. For example, the load
duration curve shows the transformer operates with a 15 min kW demand of 12 kW
or greater 22% of the time. This curve can be used to determine whether or not a
transformer needs to be replaced due to an overloading condition.

18.00

16.00

14.00

-
o
=)
=]

15 min kW demand
=
g

0.00 rrrrrrrrrrTT LLARA T LA 1 1 T
1 8 15 22 29 36 43 50 57 64 71 78 8 92
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Fig.7 Transformer diversified demand curve
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