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Abstract - Modern power systems have the complications of nonlinear loads and
distributed generations which results in both complicated power flow patterns and the
need to precisely characterize them.

Prof. Hanoch Lev-Ari and Prof. Alexander M. Stankovic have found a way to decompose
the load current (and consequently the apparent power) into seven mutually orthogonal
components [1]. With such a detailed characterization of the load current a more detailed
and more effective compensator can be designed.

The purpose of this project is to create a user friendly program that uses these calculations
to decompose the load current into these seven components. This program is also available
online as an open source.

Introduction

Starting with the work of Budeanu [9], many authors have aimed to characterize the concept of
reactive power in the most general case, and to decompose the load current into physically
meaningful mutually orthogonal components. The most detailed work to date appears to be that
of Czarnecki [10], who introduced a decomposition consisting of five mutually orthogonal
components. Used here is the new seven component orthogonal decomposition by Lev-Ari and
Stankovic that generalizes and refines the one proposed by Czarnecki, as well as those
introduced by Sharon [11], Shepherd and Zakikhani [12].

This seven component decomposition uses only two fundamental mathematical concepts: 1) the
Hilbert transform and 2) the Orthogonal projection on a chain of nested subspaces, and treats the
conductance and susceptance parts of the load admittance in a symmetric fashion. In table 1
these seven decomposed components are listed with description.

S Apparent power

P Real (active) power

N, Co-active power, Spread (over frequencies)
N, Co-active power, Unbalanced (over phases)
Qs Budeanu reactive power

Q. Co-reactive power, Spread (over frequencies)
Q, Co-reactive power, Unbalanced (over phases)
S, Out of band apparent power

table 1: Description of the seven component decomposition

All of the above mentioned components can be combined into the following
equation: S =P* + N2+ N2 +Q2 + Q2 + Q7 +S?

The CPC (Current Physical Component) by Czarnecki that can be read in detail in [5] is here
compared to the seven component decomposition by Lev-Ari and Stankovic. As can be seen in
[1] they relate in the following way:

Czarnecki i, P i i,,Q i,,D i

IF Igs IB 6_)Ibs Igu C_Blbu IJ_

Ours




Graphical User Interface

The program is created in Java where the user inputs the magnitude and phase angle of the load
voltage and load current. No limitations are put on the number of harmonics.

The program calculates for one, two or three phase power systems and outputs the apparent
power S and the seven component decomposition of S. Each seven component decomposition
output with description can be seen in table 1. In addition to the seven component decomposition
the program also calculates the values shown in table 2.

”\/ || rms voltage

||| || rms current

O, Normalized zero-sequence rms voltage
% Voltage balancing index

¢ Power balancing index

table 2: Description of values that the program calculates in addition to the seven component decomposition

The program can be accessed through the webpage:
http://www.ece.neu.edu/faculty/stankovic/ReactivePowerCalculator/ it requires Mozilla Firefox
browser to function correctly.

Here are brief instructions on how to enter the inputs and using the program:

1. Insert Load voltages and Load Currents harmonics (both even and odd harmonics)

2. If only calculating for 1 or 2 phase, put a zero in first harmonic of each unused phase (as
seen in dashed circle below)

3. For each "used" phase the magnitude and phase column need to equal in length (as seen
in solid circle on figure below)

4. When done inputting values press the "Calculate” button.

] P

4,000.00 0.00

N_s M_u QB Qs Qu S
4,000.00 000 255 510 0.00 0.00
VIl I Rho_v Iu Zeta

69.44 44.72 1.00 1.00 1.00
Mag1[¥] Phasel [radMag? [—]‘ Phase? [rad]Mag3 [V] EﬁaEeﬂ{rad}
&0 0 ‘o 0 0 0 N

o o \

40 3.14 ~ 4

1 \

TesiData from Example 1
TestData from Example 7

figure 1: Program output, borrowed from example 7


http://www.ece.neu.edu/faculty/stankovic/ReactivePowerCalculator/

Example 1

Here is an example that further explains how to enter inputs and read outputs from the program.
This example deals with an unbalanced load which consists of a resistor capacitor and an
inductor, the load is connected as shown on figureb

v 1A R 10
_ . AN VAN
v 1A S — J
- ? %Hhﬁ
Y i T J
zllz|lz

figure 2: Circuit with balanced supply voltage and unbalanced Y connected load.

The load voltages are: u;, =1V.£0°ugy =1V -120°and,u; =1vV.120°
The load currents are: i, =1AZ0° iy =1AZ—-30°nd,i; =1A£30°

In the figure below we can see how the input is entered in the two lower circles and in the upper

circle we see the program output, the seven component decomposition. | oytput: Seven component

decomposition

QB
0.00
Rho_v
. 0.00 0. 0.
] asel [radMag2 [V] Phase? [rad)viag se3 [rad] JagT[A] Phasel [radMag? [A] Phase? [radMag3 [A] Phased [rad)
1 fi 1 -2.094 1 2.099 [ calculata (1 ] 1 -0.523 1 0.523
A A
Input: load Input: load
voltage currents




Industrial Examples
Here are eight examples that should help the reader to understand the program function and

theory.
The first five examples, example 2-6 are created by Leszek S. Czarnecki [5]. His five component
decomposition is compared to the seven component decomposition used in our program.

Example 2
This example Czarnecki created to find the right definition for apparent power when dealing with

an unbalanced load.

203.6V 292.0A R
@ —pr—0
203.6V 292.0A S / ;1-179
F 220V 0T
P =100kW
AP =11.2kW

Z

figure 3: A Circuit with an unbalanced resistive load.

In this example we have a three phase circuit with unbalanced resistive load, see figure 3. To
calculate the apparent power we have three definitions of apparent power that all give different
values:

Ul +Uglg +U; I =119KVA

JP? +Q? =100kVA

= JUZ+UZ+U2 12412 +12 =149kVA

Sa
SG
S

The corresponding power factors are:
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209.2v 238.0A g /0.65Q jO.590
* —>
4 209.2V 238.0A S( 0,65Q j0.5902

0.65Q j0.590

T 209.2v. 238.0A 1:\

Z

figure 4: A Circuit with a balanced RL load equivalent with respect to load active power and power loss in the
supply to the circuit with unbalanced load shown in figure 3.

P =100kW

AP =11.2kW

To prove which of the above definition is right for the unbalanced circuit, Czarnecki creates an
equivalent circuit with a balanced RL load see figure 2 calculates the apparent power again with
the three definitions. Since the circuit is balanced the same values are obtained for each
definition:

S, =S; =S; =149kVA and the power factor 1, = A, =4, =0.67

Now it is clear that S; is the only correct definition for the apparent power when we are dealing
with an unbalanced load.

Now, let’s calculate the apparent power using the online Java program:

S F

149,637.35 10064417

MN_s M0 QB Qs Q_u S

0.00 76,601.93 22,230.39 (.00 75,003.09 0.00

1] I Rho_v MU Zata

362 36 41285 0.00 -003 064

(il

Mag1.[V] Phasel [rad]Mag2.[V] Phase2 [radMag3.[V] Phase3 [rad]. Mag1.[A] Phasel [rad]MagZ [A] Phase2 [rad]Mag3 [A] Phase3 [rad]
203.6 0 203.6 —z.0944 zz20 2.0944 292.D 0.306 z9z.0 ~2.8356 0 0

TestData from Example 1
TestData from Exampls 7

The result from the program is S =149,6kVA and the power factor 4 =— =0.67. Those are the

w|T

same values as the ones that Czarnecki has proved in this example to be the only possible correct
ones.



Example 3
Here we have an unbalanced resistive load which is connected as shown in figure 5

O120V ;03.9A AN
120V 103.9A
So > Y'Y
120v 0
To——» Y
1 - 1
20

figure 5: Example of a circuit with resistive unbalanced load

The supply is a symmetrical source of a sinusoidal, positive sequence voltage, with
Uy =~/2U coseot, U =120V

And line currents equal to:

i, =/21 cos(ayt +30°) =—ig, 1 =103.9A, and i; =0.

Czarnecki calculates the instantaneous reactive current in the load and shows that it is not equal
to zero.

When we put the values into our online Java program to decompose the apparent power we see
that the unbalanced reactive power Q, is not zero along with the unbalanced coactive power

N, . That gives us the same result as Czarnecki, namely that the load has reactive current even
though the load is purely resistive. Then, from our decomposition we can calculate the circuit

P 21595
power factor 1 =—=—"———-=0.7
S 30,540
S P
30,540.24 21,595.19
MN_s MN_u QB Qs Qu S
0.00 16,270.11 0.00 0.00 16,270.15 0.00
v Ml Rho_v Nu Zeta
207 &5 145 44 000 0.0 0D
Mag1[v] Phasel [rad]Mag2 [V] Phase2 [rad)Wag3 [V] Phase3 [rad] MWag1.[A] Phasel [radMag2 [A] Phase? [radMag3.[A] Phase3 [rad]
120 0 1z0 ~z.0944 1z0 z.0044 103.9 0.5236 103.0 —z.618 0 0

TestData from Example 1
TestData from Example 7



Example 4
Here is a three phase circuit with unbalanced load.

RO277v ;SZA A ﬁg
s 2TV #152A A %o
GUA. e X
1 1 Y152A
Z. |3+ j1Q
|

figure 6: Example of three-phase system with unbalanced load

The circuit in figure 6 has the following load voltage and current data:
Uy =~2U cosot, U =277V , iy =+/21 cosmt +11.6°) = —ig, | =152A, and i, =0.
The load impedance is Z; = (3+ j1)Q and the load powers using the CPC theory are:

P = 69kW
Q = 23kVA
D =73kVA
S =103kVA
Now let’s put the load voltage and current data into the online Java program to decompose it:
1803,133 32 EBJSE.M
MN_s MN_u QB Qs Qu S
.00 51,566.64 23,064.72 0.00 51,566 75 0.0
Ik I Rho_v MU Zeta
479.78 214.95 0.00 0.00 0.79
Mag1[V] Phasel [radMag2 [V] Phase2 [radMag3 [V] Phase3 [rad] Mag1.[A] Phase1 [radMagZ.[A] Phase2 [radlvagl.[A] Phasel [rad]
277 o 277 —z.0044 277 z.0944 [ Caleulate ] 152 0.2018 152 —2.0308 o 0

TestData from Example 1
TestData from Example 7

The load powers using the seven component decomposition are:

10



P = 69kW

Q, = 23KVA
N, =51.6kVA
Q, =51.6kVA
S =103kVA

The values above are the same as using the CPC theory, the only difference is that the
unbalanced power D from the CPC theory has, in our theory, been split into two components:

NZ +Q2 = D? = |/(51.6kVAY’ + (51.6kVA)? = 73kVA = D

11



Example 5

Here we have a single phase RL load supplied through an ideal delta/YY transformer , with the
turn ratio 1:1, from a source of a positive sequence voltage, but with zero line-to-ground voltage
at terminal S, assuming that the line-to-ground voltage at terminal R and T are E; =100V and
E, =100e'?%

'Y

L™
[

o

Eel

»-
[

w

%)

'VL

- 31313
tovovo

e, Ur I; JQ

i -

Ground Avrtificial, ground

figure 7: Circuit with unbalanced supply voltage and an unbalanced RL load

This example has the following load voltage: and current data:
U, =88.192/-19.107°V

U, =33.3332-120%V
U, =88.192/139.107°V

And the load current is:
I, =70.71£-45°A

I, =70.71/135°A

I, =0A

The resulting load power Czarnecki gets when using the CPC theory are:
P =5.0kwW

Q =5.0kVA
D =10.8kVA
S =12.9KVA

12



Now we put the load voltage and current data into our program to decompose it:

S P

12,909.65 5,000 07

M_s M_u QB Qs Qu S

0.00 £.929.56 4.999.50 0.00 8.285.08 0.00

1A I Rho_v MU Zela

128.10 100.00 0.00 0.4D 1.00

Mag1[V] Phasel [radMag2 [V] Phase2 [radMag3 [V] Phase3 [rad] Wag1.[A] Phase1 [radMag2.[A] Phase2 [radlvag3.[A] Phase? [rad]
55.15z  |-0.3335 33.333  |-z.0944 g5.15z  |2.4279 [Cakculzie] 0. 71 -0.7854 70.71 z.3562 o 0

TestData from Example 1
TestData from Example 7

The load powers using the seven component decomposition are:

P = 5.0kW

Q, =5.0kVA
N, = 6.9KVA
Q, =8.3kVA
S =12.9kVA

The values above are the same as using the CPC theory, the only difference is that the
unbalanced power D from the CPC theory has in our theory, been split into two components:

NZ +QZ = D? = ,/(6.9kVA)? + (8.3kVA)? =10.8KVA = D

13



Example 6
In this example we look at circuit with harmonic generating load.

10 .
[0

QCD u(t 4Q 63 i, (t)

Supply Load

0O —=>» 0O

figure 8: Circuit with harmonic generating load

Here we assume that a resistive load in the circuit shown is figure , supplied with a sinusoidal
voltage:

e =100~/2sin(mt) V
Generates a current harmonic of the third order:
i, (t) =50/25sin(3wt) A
The voltage and current at the load terminals in this circuit are equal to:

U =80~/2sin(et) —40+/2sin(3et) V,
i = 207/2sin(w;t) + 402 sin(3at) A

Thus the load power is:

]
P :leui dt=>"U,I,cos(p,) =1600 —1600
0

n=1,3

And the active current is equal to zero, since:

. P
IL=—u=0
ol

It means that according to the Fryze power theory, there is no current in this circuit other than the
reactive current:

i = 20~/2 sin(wit) + 4072 sin(3ait) A.

14



Unfortunately this can not substitute as the compensator current, a suggested compensator
current can be the following:

i, (t) =50/25sin(3wt) A

Now we insert the load voltage and load current in the program.

U =80+/2sin(w;t) —40+/2 sin(3at) V,

i = 20v/2sin(et) + 4072 sin(3et) A

The following figure shows us the values our online Java program generates:

S P

4,000.00 0.00

M s MN_u QB Qs Qu S

4,000.00 0.00 2.56 5.10 0.00 0.00

|1l I Rho_v MU Zeta

39.44 4472 1.00 1.00 1.00

Mag1[V] Phasel [radMag2 [V] Phase2 [radMag3 [V] Phase3 [rad] MWag1.[A] Phase1 [radMag2. [A] Phase? [radMag3.[A] Phase3 [rad]
=0 0 0 0 0 0 zu o 0 0 0 0

0 0 a 0

40 3.14 40 o

TestData from Example 1
TestData from Example 7

Next we insert the load voltage and the load current when we have added the compensator
current in the circuit.

u =80~/2sin(emt) — 40+/2sin(3et) V,
i = 20+/2sin(wt) + 4042 sin(3eyt) —50+/25in(Beat) A= 20+/2sin(ewt) —10+/25in(3et) A

S P

2,000.00 2,000.00

MN_s MN_u QB Qs Qu S

0.00 0.00 0.00 0.00 0.00 0.00

1411 Il Rho_v MNu Zeta

89.44 22,36 1.00 1.00 1.00

Mag1[V] Phasel [radMag2 [V] Phase2 [radMag3 [V] Phase3 [rad] Mag1.[A] Phase1 [radMag2.[A] Phase? [radlvagl.[A] Phase? [rad]
a0 0 0 0 0 o 20 o o 0 o 0

o o a o

40 3.14 10 3.14

TestData from Example 1
TestData from Example 7

15



Example 7
This is an example from Sergio J. Ceballos [2].

Here the load current is nonlinear and balanced. The load voltage has six odd harmonics to the
eleventh and the current has ten odd harmonics to the 19th. The load voltage harmonics can be
seen in appendix A table 4 and the load current harmonics can be seen in table 5. The seven

component decomposition of the apparent power is shown in table 3.

S

P

N,

N,

Qs

Qs

Q

SL

229,579

223,334

3,668

7,025

51,545

4,549

7,154

6,078

table 3: Powers of the nonlinear balanced load currents

Below we can see a snapshot of the program after values have been calculated.

S P

229.579.33 223.334.29

M_s M_u QB Qs Qu AN
3,B67.77 7.025.20 51,544 60 454871 715381 6.075.19
%)) 1N Rho_v MU Zeta

336.10 594 62 0.00 -0.01 -0.01

Mag1[V] Phasel [radMag2 [V] Phase2 [radMag3 [V] Phase3 [rad)

221.499 A -0.0032 A 222.96 ~ -2.08724A 224.2 a4 2.0805 A 342.8 |~ -2.3213ma

Calculate |342.8 |a[-0.2265A

Mag1.[A] Phase [radMag2. [A] Phase? [radiMag?.[A] Phase? [rac]

342.8 |~ 1.8675 |~

0 0 0 0 0 0 0 0 0 0 0 0

0.56 1.91 0.56 -z.278¢ 0.56 -0.184¢ 3.428 0.576 3.428 -1.518¢ 3.428 z.6704
o o 0 o 0 ] ] o ] 0 ] 0

3.744 -2.488¢ 4.252 -0.4832 4.3238 | ||1.755 13.3697 |[-0.279% 13.3697 |[-2.373¢ 13.3697 |[1.8151
0 0 0 0 0 0 0 0 0 0 0 0

1.2434  [D.4847 1.693 -2.231 0.7836  |1.6643 7.1985  |1.3433 7.1988  |-0.750f 7.1986  |3.4383

o o 0 o 0 ] ] o ] 0 ] 0

0.2z52  |-2.21 0.2252  |-0.115¢ 0.2z52  |1.9788 0.3428  |0.8552 0.3428  |-1.2392 0.3428  |2.9496

o 0 v| b 0 v| b 0 v ] /o v |o w0 v |o w0

0.4042 []/[< w3 0.4042 [o][< w3 0.4042 [][<]u]> <lulzl < S < s < S < 5| |4.8251 [

TestData from Example 1
:TestDatafrom Example 7:
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Example 8

In this example the load is an aluminum smelter located in Iceland. The power is supplied to the
smelter through the two three phase transmission lines NA1 and NA2.

In figure we see the network diagram for NAL. In appendix table 6 and table 7 shows the voltage
and current harmonics. NA1 supplies the smelter with a total power of 173.62MW.

Back to
Network
Brennimelur NAL Diagram
Valts/Amps System & Logs H Power Quality || Revenue || /o || Setpoints
volts 11 Current Power

50,04 Hz
218,50 k¥ be

1

215,54 ki ca %{ 48740 M s799mwh | r
|

|

|

|

|

Power Factar

95,1 %

|
48843 | s74BMWa )ﬁ

| 215,26 k¥ ab
M total

. 173,62 MW !
4 W unbal Yolts In | ¥In average

MUAR total [[123,67 kvan ][ 12548 kvbn ][ 125,74 kven |[ 124,96 kv |

vl average I average MUA total | | |

I ]
f I [ as7ac | seismwe | ‘f‘ Fraquency
| |
1 |
|
|
|
|
|
|
|

[ zteaskv || 467 A | [[18z,58 mva | | : |
| | Long-term min/max
L
Schneider Tirme :  1.10.2007 12:41:58.664
Electric
figure 9: Network diagram of the three phase line, NA1 in Iceland
Below we can see the decomposed apparent power:

S F
162.714,186.65 173.414185.83
N_s MN_u QB Qs Q_u S
1.495.433.08 1.992.628.36 57.469.178.42 466.756.00 1.485.259.71 510.52016
IVl I Rho_v 1y Zeta
216,448.92 844.14 0.00 -0.01 -0.01
Mag1[V] Phasel [radWag2 [V] Phase? [radMag3.[V] Phase3 [rad]. Mag1[A] Phasel [radMag2 [A] FPhase2 [rad]Mag3.[A] FPhase3 [rad]
123670 [a]jo ~| 125460 [a]-z.094 [&] (125740 [a2.094 [a] [ Calculate J455 all-0.3181A] 487 all-z.q088a] 487 all1.7627¢A
123.67 o 125.46 -Z.094 125.74 Z.094 1.464 -0.331¢ 0.974 1.555334 1.461 —Z.792¢Y
959.36 0 1003 . 68 -2.094 1005.9Z 2.094 4.392 -0.401< 2.435 -2.3561 4.363 2.1293(
a o o -Z.094 o Z.094 Z.449 -1.780¢ 1.948 1.93731 1.4861 0.4188¢
494,68 0 501.84 -2.094 502 .96 2.094 Z.449 0.1396% z.9z2z2 2.21657 Z.922 -1.832f
o 0 0 —2.094 0 2.004 0.978 1.5356¢ 0.467 2. 757¢ 0.487 ~1.251¢
494 . 68 o 501.84 -Z.094 502 .96 2.094 1.464 G.1415¢ 0.487 1.555334 1.461 -0.488¢
o 0 0 -z,094 0 z.094 o 0.43632 0.467 -1,9139¢ 0 z.4958z
123.67 o 125.46 -Z.094 izs5.74 Z.094 1.464 1.7627E 0.487 —-1.448¢ 0.974 -1.188¢
a 0 0 W [-2.094 0 w|2.094 0.488 —-0.837%w 0 1.81514 0.467 2.49587w
371.01 [0 el [ 3y |-z.09% [« [% 3| |2.094 [« 0.976 [v][< 3 0.974 [+|¢ 3 0.972 [+ >

TestData from Example 1
TestData from Example 7
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Example 9

Here we have a 13-bus unbalanced utility distribution system. This system is based on the IEEE
13 bus radial distribution test feeder [8]. This system serves as benchmark system for unbalanced
harmonic propagation studies.

©
& &

@—%—%@ 3 71 150

(&
@
(®

< @

figure 10: Unbalanced distribution system

O BUS71A
B BUS71B
O BUS71C

o Voltage Magnitude(% of Ryndamental) .,

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Harmonic #

figure 11: Harmonic Voltage Distortion Spectrum at Node 71

18



The data from node 71 is extracted and used as an input to the decomposition program.

Below we can see the decomposed apparent power:

S P

3.08 265

MN_s N QB Qs Qu S

0.186 0.14 1.45 0.43 0.20 0.no

I I Rho_v MU Zeta

175 175 .00 0.00 003

Mag1[v] Phasel [rad]Mag? [V] Phase? [rad)Wag3 [V] Phase3 [rad] MWag1.[A] Phasel [radMag2 [A] Phase? [radMag3.[A] Phase3 [rad]
1.0t |alo A T1.045 [a]-z.094da] 0.063 [a]z.0243gA 1 ~l-0.587¢~] [0.o910gA]-2.537]~] [1.01206A[1.6053¢~
0.0019¢ |0.1639¢ 0.00181 |-2.219¢ 0.0025% |2.1992¢ o o o o o o
0.0za0% _|0.o07es 0.0z100 _ |-z.09% 0.0z581_ 2. 13470 0.1184 | [1.5284% 0.1205¢ |-0.573¢ 0.11608 |[3.5011¢
0.01257 " |-0.0597 0.00937 " [-1.9242 0.0041%° |2.0543¢ 0.057 0.55462 0.05750 = ||-1.0912 0.05424 = [2.52782
0.01485 [0, 1586c 0.01497 |-2.1112 0.00545 |2.12087 0.0485 | [1.2517¢ 0.0472¢ |-0.9371 0.04767 |[3.2732¢
0.0097¢ |-0.121C 0.0078E |-z.179s 0.0072%  |2.2009¢ 0.0408 | |-0.570¢ 0.04952 |-z, 6204 0.05206 |1, 79834
0.0007¢  |0.01802 0.00358 |-2.218¢ 0.0017¢  |2.z624¢ 0.0132 | |o.7277: 0.01321 |-1.511< 0.0130¢  [2.93091
0.0001% [0, 16412 0.0004% |-z.z40% 0.00038  |2.2520° 0.003 1.4325¢ 0.0031% |-0.o08s 0.0031%  [3.4804c
0.0012z |0.o1308 0.0002¢ |-2.161c 0.0006¢  |1.93232 0.0085 |-0.607E 0.0083C |-2.8082 0.0086¢ [1.29721
0.0003Zw|-0.142¢] 0.00015w]-2.053%y| |0.00042w]z.09808w 0 o v |0 o v |0 ~|[o v
Slull  Elwl MmN EmE Sl ] ] 0.0066 [v||[< ][> MR EmE Sl 2] ] [

TestData from Example 1
TestData from Example 7
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Appendix

Appendix A — Fundamental Equations V|1, # and o

Let’s look in detail at the calculations behind the decomposition.
First, we need to calculate the polyphase voltage and current rms |V, 1] using the following
equations:

Vi= 2l and = [

The subscript k represents the phase number and the subscript | is the harmonic number.

I
Next, we calculate the admittance for each phase and harmonic: g, , — jb,, = —~ .

Vk,l
Next, we calculate x, which is the weighted mean of the load conductance {9}, and 4, the
weighted mean of the load susceptance {b, , }.

_ %:gk-' Myl‘z Zbk.l [\/k',|2

= and g4 =X
g %:’VH‘Z b

IKZM..IZ

Then, we calculate the frequency-dependent weighted means s, (I) and g, (1) in the following

way:
zgk.l [Vk.l|2 Zbk.l [Vk.l|2
)= E— and g ()=

Zk:[vk-lr Zk:[vk.||2

Next, we calculate the standard deviation of {g,, } and {b,, |, namely o, and o, .

Z(gm —Hy )Z[Vk.||2 Z(bk.l — Hy )Z[Vk.||2

k.l k.l

and o, =
: 3 Ml i 3 V|
k.l k.l

Now we need to calculate the standard deviations with respect to the phase, averaged over all
frequencies namely o, and o,,.

;‘gm — Hy (I)‘z[\/k.lr Z|bk.l _ﬂb(|)|2[vk.||2

O g ; and o, = |-© 5
> Wl > Wl

k.l

Now we can calculate o, and o.

— 2 2 _ 2 2
Oy =+/0, —0g, aNd 0y =40, —0y, .
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Appendix B — Output Equations S,P,Qg, N¢,N,,Q,Q, and S,

=oglV|
=oqlV|
II'bsll sV
[iosl| = V|

Now, when we have completed all the calculations above we can obtain the final result:

S =Vt

gs

gu

P=uV [

Q=N |
N =iis[]V |
Ny =i [V |
Qs =||ibs|”V H
Q =||ibu|”V H

S, =i, V] Where [i,|= k.zs"k"‘z for B ={(k,1)V,, =0}

S = P2+ Q2+ N2+ N2 +Q2+Q%+8S,?
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Appendix C — Additional Output Equations p,,v and &
The components, p,,v and ¢ are calculated using the following formulas:

Sl Nt
— 1=1

2y —W, where 77 :T 1| and | =harmonic number and n = number of phases
n
1

‘R{ZVkJVkT,u }
K.l
V==———""76€©@Z7———“«—

Vol

é/ — 1=1
PO
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Appendix D — Data from Example7 and Example8 and Example9
The data from example7 can be seen in table 4 and table 5

Phase 1 Phase 2 Phase 3
Mag. Phase Mag. Phase Mag. Phase
Order V] [rad] [V] [rad] [V] [rad]
1 221.44 -0.0032 222.96 -2.0873 224.2 2.0905
2 0 0 0 0 0 0
3 0.56 1.91 0.56 -2.2788 0.56 -0.1844
4 0 0 0 0 0 0
5 3.744 -2.4884 4.252 -0.4832 4.3238 1.755
6 0 0 0 0 0 0
7 1.2434 0.4647 1.693 -2.231 0.7836 1.6643
8 0 0 0 0 0 0
9 0.2252 -2.21 0.2252 -0.1156 0.2252 1.9788
10 0 0 0 0 0 0
11 0.4042 0.95 0.4042 3.0444 0.4042 -1.1444
table 4: Load voltage harmonics in Example 7
Phase 1 Phase 2 Phase 3
Mag. Phase Mag. Phase Mag. Phase
Order [V] [rad] [V] [rad] [V] [rad]
1 342.8 -0.2269 342.8 -2.3213 342.8 1.8675
2 0 0 0 0 0 0
3 3.428 0.576 3.428 -1.5184 3.428 2.6704
4 0 0 0 0 0 0
5 13.3692 -0.2793 13.3692 -2.3736 13.3692 1.8151
6 0 0 0 0 0 0
7 7.1988 1.3439 7.1988 -0.7505 7.1988 3.4383
8 0 0 0 0 0 0
9 0.3428 0.8552 0.3428 -1.2392 0.3428 2.9496
10 0 0 0 0 0 0
11 4.4564 2.5307 4.4564 0.4363 4.4564 4.6251
12 0 0 0 0 0 0
13 2.0568 -2.8623 2.0568 -4.9567 2.0568 -0.7679
14 0 0 0 0 0 0
15 0.3428 -0.7854 0.3428 -2.8798 0.3428 1.309
16 0 0 0 0 0 0
17 7.1988 -0.7854 7.1988 -2.8798 7.1988 1.309
18 0 0 0 0 0 0
19 5.142 -0.8901 5.142 -2.9845 5.142 1.2043

table 5: Load current harmonics in Example 7
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The data from example8 can be seen in table 6 and table 7

Phase 1 Phase 2 Phase 3
Mag. Phase Mag. Phase Mag. Phase
Order [V] [rad] [V] [rad] [V] [rad]
1 123670 0 125460 -2.094 125740 2.094
2 123.67 0 125.46 -2.094 125.74 2.094
3 989.36 0 1003.68 -2.094 1005.92 2.094
4 0 0 0 -2.094 0 2.094
5 494.68 0 501.84 -2.094 502.96 2.094
6 0 0 0 -2.094 0 2.094
7 494.68 0 501.84 -2.094 502.96 2.094
8 0 0 0 -2.094 0 2.094
9 123.67 0 125.46 -2.094 125.74 2.094
10 0 0 0 -2.094 0 2.094
11 371.01 0 376.38 -2.094 377.22 2.094
12 0 0 0 -2.094 0 2.094
13 123.67 0 125.46 -2.094 125.74 2.094
14 0 0 0 -2.094 0 2.094
15 123.67 0 125.46 -2.094 125.74 2.094
table 6: Voltage harmonics data for example 8
Phase 1 Phase 2 Phase 3
Mag. Phase Mag. Phase Mag. Phase
Order [V] [rad] [V] [rad] [V] [rad]
1 488 -0.31416 487 -2.40855 487 | 1.76278
2 1.464 -0.33161 0.974 1.55334 1.461 | -2.79252
3 4.392 -0.40143 2.435 -2.35619 4.383 2.12930
4 2.44 -1.78023 1.948 1.93731 1.461 | 0.41888
5 2.44 0.13963 2.922 2.21657 2.922 -1.83259
6 0.976 1.53589 0.487 -2.75762 0.487 -1.29154
7 1.464 3.14159 0.487 1.55334 1.461 -0.48869
8 0 0.43633 0.487 -1.91986 0 2.49582
9 1.464 1.76278 0.487 -1.44862 0.974 -1.18682
10 0.488 -0.83776 0 1.81514 0.487 2.49582
11 0.976 -0.22689 0.974 2.19911 0.974 -2.26893
12 0 -0.71559 0 2.87979 0 1.43117
13 0.488 -2.05949 0.487 1.98967 0.487 0.27925
14 0 2.63544 0 2.98451 0] -0.75049
15 0 1.53589 0 2.26893 0 -1.04720

table 7: Current harmonics data for example 8
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The data from example9 can be found in table 8 and table 9

Phase 1 Phase 2 Phase 3
Mag. Phase Mag. Phase Mag. Phase
Order V] [rad] V] [rad] [V] [rad]
1 1.01 0 1.045 | -2.0944 0.969 | 2.094395
2 0.0019684 | 0.163981 | 0.001813 | -2.21981 0.00253 | 2.199284
3 0.0240583 | 0.007696 | 0.021008 | -2.09772 | 0.025819 | 2.134707
4 0.0126745 | -0.05971 | 0.009376 | -1.94493 | 0.004156 | 2.054355
5 0.0148953 | 0.158893 | 0.014974 | -2.11125 0.00549 | 2.120676
6 0.0097471 | -0.12108 | 0.007888 | -2.1795 0.00724 | 2.209981
7 0.0007461 0.01809 | 0.003551 | -2.21886 0.00178 | 2.262468
8 0.0001385 | 0.164138 0.00042 | -2.24035 | 0.000388 | 2.252073
9 0.0012286 | 0.013059 | 0.000241 | -2.16101 | 0.000668 | 1.932331
10 0.0003256 | -0.14289 | 0.000192 | -2.05333 | 0.000423 | 2.094095
11 0.001311 | 0.015543 | 0.000637 | -2.14277 | 0.000924 | 2.251078
12 0.0002326 | 0.086127 | 0.000187 | -2.17632 | 0.000342 | 2.165009
13 0.0006082 | 0.045571 | 0.000538 | -2.21528 | 0.000618 | 2.161595
14 0.0001988 | -0.16132 | 0.000138 | -2.02197 | 0.000282 | 2.012469
15 0.0003106 | -0.08452 | 0.000116 | -1.98978 0.00025 | 2.039833
16 0.000173 | 0.100815 | 0.000127 | -2.02534 | 0.000254 | 2.138595
17 0.0001785| -0.13081 | 0.000118 | -2.1659 | 0.000236 | 2.101349
table 8: Load Voltages, input to program in example 9
Mag. Phase Mag. Phase Mag. Phase
Order [V] [rad] [V] [rad] [V] [rad]
1 1| -0.58765| 0.991026 | -2.53716 | 1.012067 | 1.605364
2 0 0 0 0 0 0
3 0.1184 | 1.526478 | 0.120548 | -0.57355 | 0.116081 | 3.591153
4 0.057 | 0.554626 | 0.057504 | -1.0919 | 0.054242 | 2.527833
5 0.0485 | 1.251789 | 0.047248 | -0.93714 0.04767 | 3.273283
6 0.0498 | -0.57066 | 0.049521 | -2.62948 | 0.052066 1.79634
7 0.0132 | 0.727752 | 0.013211 | -1.51143 | 0.013065 | 2.930918
8 0.003 1.43255 | 0.003134 | -0.90696 | 0.003138 | 3.480493
9 0.0085| -0.60783 | 0.008304 | -2.80652 0.00864 | 1.297217
10 0 0 0 0 0 0
11 0.0066 | 0.194732 0.00664 | -1.9121 | 0.006692 | 2.405299
12 0 0 0 0 0 0
13 0.0047 | 0.335974 | 0.004691 | -1.76492 | 0.004733 | 2.436633
14 0 0 0 0 0 0
15 0.004 | -0.53208 | 0.003933 | -2.44184 | 0.003901 | 1.580216

table 9: Load Currents, input to program in example 9

26




