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This part’s learning objectives L s

After this part of the lecture and additional reading, you should be able to ...

@ ...explain the use of symmetrical components to describe the
unbalanced operation of three-phase power systems in steady-state;

@ ...perform simple computations and system analysis with symmetrical
components;

@ ...explain the power balance in ABC and symmetrical components.
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Unbalanced operation L s

Voltage unbalance refers to a condition in a three-phase power system where
the magnitudes of the three phase voltages are not equal or their phase
angles are not exactly 120 degrees apart. This imbalance can lead to
inefficient operation of electrical equipment, increased heating in
motors and transformers, and potential malfunction of sensitive
electronics.

Why would we have unbalanced operation?
o Unbalanced loads;

@ unbalanced line parameters (e.g., untransposed and therefore,
asymmetrical lines);

o unbalanced transformer parameters;

@ ground faults or short circuits;
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Unbalanced operation L s

Why don’t we use the same methods as in the previous parts of this course?
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Q Symmetrical components
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1 Maln idea ][ ?:;gizsllég;f

A set of three unbalanced phasors can be decomposed into the sum of:
o three phasors making up a positive (or direct) sequence

o three phasors making up an negative sequence

o three phasors making up a zero sequence

Thus, we end up with three 3-phase systems but each one of them is
balanced (thus, easy to analyze). These are called the symmetrical
components.
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1 Symmetrical components L s

o Positive sequence: three rotating vectors, of same magnitude, shifted
by 120° which an observer sees passing in the order a,b,c,a,b,c

o Negative sequence: three rotating vectors, of same magnitude, shifted
by 120° which an observer sees passing in the order a,c,b,a,c,b

o Zero sequence: three rotating vectors, of same magnitude and in phase
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1 Steps to perform analysis in symmetrical components L s

ABC 120 > ABC
transform

back

>
transform

@ Transform ABC system to symmetrical components (this step is
sometimes called “symmetrization”).

@ Carry out all computations in that framework

@ Transform back to ABC to get actual currents and voltages (this step is
sometimes called de-symmetrization).

Simplifications can be attributed to the fact that the symmetrical components
are the eigenvectors of the admittance matrix
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1 120 — ABC |

Projecting the ABC components to the 120 gives:

Ua=Uat + Uso + Uao = U1 + Uz + Up
Up = Upt + Upz + Upo = o?Us + als + Up
gc :ym +gc2 +g00 = aLJ1 +Oé2g2 +y0

In matrix form:

U, 1 1 1 Ui

U | =|® a 1 U
U, a o 1 Uo
Uabe T Uizo
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1 Transformation matrix |

To get back to the ABC framework, we use the transformation matrix S,
which is calculated as the inverse of T. The definition of the eigenvectors,
having elements of magnitude 1, results in the fact that all elements of the
matrix S have a magnitude of 1/3.

11 1 ] 1 a o
T=(a2 o 1 S 21_1 = 3 1 o® «
a o 1 1 1 1
where o = ¢120° = Z14:Y8 gang o2 — ¢240° = 13

It can be easily shown that |o| = 1and 1+ a+a? =0

EEN442 — Dr Petros Aristidou — Last updated: October 17, 2024 11/41



=== Cyprus
][ University of
Technology

1 ABC — 120

The inverse in matrix form is thus:

U4 | 1 a o Ua
Us | = 3 1 a2 « Ub
Uo 1 1 1 Ue
S Y
Uiz s Uane
Which gives:
1
Uy = 5(Ua+aub+a UC)
1
Up = §(Ua+a Ub+aUc)
1
LJ § (Ua + Ub + UC)
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1 ABC — 120 |

Note that in a balanced system, we have:

U ] 1 a o U, U,
U | = 3 1 o « U | =10
Uop 1 1 1 ala 0
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Assume a 3-phase coltage source feeding a 3-phase Y-connected load:

Ua Za O 0 1A
U|=10 Z 0 I
U 0 0 Z/ \l

Uy Z: 0 O I Uy Za 0 0 1

S|U|=|0 Z 0|S|L|®|U|=Tl0 2z, 0S|k

Uo 0 0 Z lo Uo 0 0 Z Io
Zi2
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1 ABC — 120: Impedance L s

Assume a 3-phase coltage source feeding a 3-phase Y-connected load:

Z1 1 za +Zb +zc za+062zb+06Zc za'i‘OCZb-‘rOéZZc
Zx | = 3 Za+ aZy + PZ; Za+ 2o+ 2 Za+ o?Zy + ol
Zo Za+PZo+aZe ZataZo+o’Z:  Zat+Zo+Ze

If the impedances are the same (Za = Zp = Z¢):

Zi Za
Zo | = | Zo
ZO Zc
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1 Comments

o It should be noted that the admittance matrices in the ABC and 120
systems incorporate the same information, but are not equal.

o No zero-sequence components exist if the sum of the unbalanced
phasors is zero.

o Zero sequence components are never present in the line voltages
regardless of the degree of unbalance. Can you explain this?

EEN442 — Dr Petros Aristidou — Last updated: October 17, 2024 16/ 41



Cyprus

1 Summary I s
ABC 120
!ABC =T !1 20 !1 20 = S !ABC
!ABC =T Q1 20 Q1 20 S QABC
EABC =T E1 20 51 20 S EABC
Z5c TZ,,S Zix SZpc T
XABC =T 11 20 S X1 20 — S XABC T
lisc = Yasc Essc Lo = Y0 Eio
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2 Outline |

Q Powers in Symmetrical Component System

EEN442 — Dr Petros Aristidou — Last updated: October 17, 2024 18/ 41



=== Cyprus

2 Power equations L s

In ABC the three-phase apparent power is:

§3<p = ga!; + gb!g + gc!; = Q!*

Considering:
u = Igmo
I = Tl
We get:
§3w = (Igmo)T : (11120)* =
= (Qmo)T' IT (D* : (!120)*
N———
3lg

We can simplify this equation by calculating the middle part as:

T @ = ((@)'1) =3 (171) =314

where lq4 represents the identity matrix.
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2 Power equations L s

Leading to:

§3<p = 3 (Qmo)r ’ (!120)* =
3. (Uil + Uazl5 + Uolg)

o A factor of 3 arises between the expressions of the powers in the ABC
and symmetrical component systems.

o Each element of the ABC system carries triple the power of its
equivalent in the symmetrical component system
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3 Outline |

Q 120 Equivalent Circuits
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3 General system L sy

Let’s consider the following 3¢ system:

Ea

O

where Zs is the line impedance, Zy is the mutual impedance between lines
and Zg in the neutral impedance.
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Using KCL and KVL, we can write the equations of the system for phase a:

Us=—(la+ b+ 1)Ze + Ea — Zsla — Zuly — Zule

Or, in matrix form for the entire system:

Ea Zs +Z Zw +Ze
Eo|=|2vw+2Ze Zs+Ze
Ec Iw +2Ze Zw +Ze

ZM +ZE ,Ia ga
Zuw+Ze | | bt | U
ZS +ZE !c gc
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3 Balanced system L sniversivo

In a balanced, properly transposed system, we can simplify:

Uas=—(la+ o+ 1c)Ze + Ea — Zsla — Zu(l + 1)

0
= _(!a 4 ,C)ZE +Ea_ZS!a_ZMM

- Ea —!a(ZS —ZM)

—/a

= Ea - !aZL
Leading to:
Ea ZL O O Ia Ua
Ev | = 0 Z 0 Iy + Up
EC O ZL Ic Uc

where Z| = Zs — 2.

Thus, we are able to analyze the system per-phase.
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3 Unbalanced system L s

In an unbalanced system, the above approach does not work (why?). If we
use the symmetrical components transformation (see slide 17) we can get:

Eq Z4 0 O h U,
Ex[=]10 Z 0| |L|T]|U (3.1)
Eo 0 0 Z o Uo

where Zy =Z> =Zs —Zvwand Zo =Zs+22Zu +3Ze.

#» Even though the ABC system equations in an unbalanced sys-
tem are not decoupled, the 120 equivalent equations are decou-
pled and we can analyze them per-phase.
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Plotting the equivalent 120 circuits, gives:

Ea
— Zs Ia
O
0
£y, 2 M Zn
— Zg
Iy
Ec ZM
— Zs
~ O
Ic
Zg
I, +1,+1,
o

Z I
Eq l Uy
O
Z2 Iy
Ey l Uy
O
Z Iy

Ey l Uo

[}
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3 Positive sequence system 0 seesoer

o Corresponds to the single-phase equivalent circuit of the balanced
three-phase system. The generator voltage feeds the circuit in the
positive sequence system. This voltage is equal to the voltage E; of a
symmetrically-operated generator.

o The impedances of the passive elements of the positive sequence
system are included in the impedance Z;. It should be noted that Z1 is
independent of the neutral-to-ground impedance Zg.

o The grounding of the neutrals is irrelevant since the sum of the currents
is zero. Delta-connected elements must be transformed into wye
connections. In the symmetric, three-phase circuit, all neutral points
have the same potential; it does not matter whether or not they are
connected. Thus, all neutral points of the equivalent, positive sequence
circuit can be thought of as connected.
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3 Negative sequence system 0 seesoer

o Itis derived in a manner analogous to that of the positive sequence
system. However, the voltage source component of the generator
voltage is zero so that no supply voltage normally exists in the circuit.

o In the passive part of the network, the impedance Z- is equal to Z;. This
is due to the fact that the neutral point grounding has no effect on the
negative sequence system (therefore, we can set Z> = Z).

@ In the equivalent circuit of the negative sequence system, delta-wye
transformations must be performed and all neutral points must be
connected to one another.

EEN442 — Dr Petros Aristidou — Last updated: October 17, 2024 28/ 41



=== Cyprus

3 Zero sequence system 0 seesoer

o ltis fed by the zero sequence component of the generator voltage, which
is zero for symmetrical generators.

o The zero sequence impedance Z, of the passive elements must be
included. This impedance generally differs from the positive and
negative sequence system impedances.

@ The treatment of the neutral points is very important in the zero
sequence system. As mentioned previously, zero sequence currents can
only flow through neutral point connections. The connections in the zero
sequence diagram correspond to the grounding conditions in the real
physical system.

o Impedances at the neutral point connections must be included with
triple the value of the physical impedance. The threefold value is
necessary because triple the real zero sequence current actually flows
through the neutral ground connection.
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Q Symmetrical component models
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4 Line model ][ ?:;ﬁﬁgff

!k,m,z,o Yim 2,0 !mk1,2,0

sh sh
Viizo| Yim 2o Yimzo |Ymzo

Positive, Negative, and Zero sequence model

sh
1km1,2,0 — ka1,2,0+ka1,2,0 7ka1,2,0 Mk1,2,0

sh
1mk1,2,o —Xk,m,z,o ann,z,o + ka1,2,0 Mm1,2,0
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4 Transformer model L sniversivo

If the model is of type Yy, YNy, Yd, Dd:

Ly 2 Yimi 2 e Lo o
Mm,z ‘Mm 2 Vio ' Voo
Positive & Negative sequence Zero sequence model
Lim 2| Yim 2 —Ym1 2 Vi 2
lmk1 2 _kam 2 anﬂ 2 Mm1 2
Ika 00 VmO
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4 Transformer model
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If the model is of type YNyn:

!k,m,z,o

ka1 2,0 !mk1,2,0

-3

Mm,z,o Mm1,2,0
Positive & Negative & Zero sequence
!km1 ,2,0 ann ,2,0 _ann 12,0 Mm 12,0
!mk1,2,0 _ka1,2,o kauz,o Mm1,2,0
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4 Transformer model

If the model is of type YNd:

lka 2 Xkrm 2 !mk1 2 lkmO !ka
_—

<
a

kao

E——

Vi ‘Mm1 2 Vo

Positive & Negative sequence Zero sequence model

Lim 2 Yim 2 —Ym1 2 Vi 2
lmk1 2 _kam 2 anﬂ 2 Mm1 2
Ika 0 0 VmO
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4 Synchronous generator and asynchronous machine =— Cyprus
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If the model is of type YN:

L

Xm !k1
~YYN

XkZ
LYY

EM T@ Mm MkZ Mk0

We use the load assumption for uniformity and the Norton equivalent:

by =Y Vg = YiEx

1k2,o = XkZ,OMkZ,O
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If the model is of type Y or D:

Xk1 1k1 XKZ ) k2 ! kO
Y YY) LYY Y —a—e
Ep T@ Vi Vio Vio

We use the load assumption for uniformity and the Norton equivalent:

!m = XMMM - Xmgm
!kz = Xk2£k2
!ko =0
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@ Grid Code Requirements

EEN442 — Dr Petros Aristidou — Last updated: October 17, 2024 37/ 41



=== Cyprus

5 Key Aspects of Grid Code Requirements L s

@ Maximum Voltage Unbalance Limits:

o |EC Standards: According to IEC 61000-2-2, the recommended maximum
voltage unbalance is typically 2% under normal operating conditions. Stricter
limits, such as 1%, may apply for sensitive installations or specific
equipment.

o |EEE Standards: |IEEE Std 1159 suggests similar limits, generally not
exceeding 2% for standard industrial applications.

o Regional Variations: Some countries may adopt different thresholds. For
example, the UK’s G98/G99 grid codes align with IEC standards,
maintaining a 2% unbalance limit.

@ Measurement and Reporting Requirements: Continuous Monitoring:
Grid-connected entities may be required to continuously monitor voltage
quality, including unbalance levels. Reporting Frequency: Regular
reporting (e.g., monthly or quarterly) may be mandated to ensure
compliance and facilitate grid reliability assessments.

@ Mitigation Obligations: If voltage unbalance exceeds specified limits,
grid codes often require the offending party to take corrective actions.
This can include reconfiguring connections, installing power quality
equipment, or adjusting operational parameters.
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5 How Voltage Unbalance is Checked L s

@ Measurement Techniques:

o Power Quality Analyzers: These devices measure voltage magnitude and
phase angles across all three phases. They calculate the degree of
unbalance by comparing the deviations from the ideal 1:1:1 ratio and
120-degree phase separation.

o Digital Relays and Monitoring Systems: Advanced digital relays can
incorporate power quality monitoring, providing real-time data on voltage
unbalance alongside protection functions.

o Periodic Testing: Utilities may perform scheduled tests using portable
meters to verify compliance during routine maintenance or as part of
periodic grid assessments.
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5 How Voltage Unbalance is Checked L s

@ Calculation Methods:

Voltage unbalance can be quantified using the Voltage Unbalance
Factor (VUF), which is calculated as:

\/(Va - Vavg )2 + (Vb - Vavg )2 + (Vc - Vavg )2
Vavg

VUF = x 100%
Where:
o Va, Vp, Ve are the phase voltage magnitudes.

Va+Vp+Ve
3

o Vayg = is the average voltage.

Alternatively, using symmetrical components:

VUF = Mz\ x 100%
| Vil
Where V; is the positive sequence voltage and V; is the negative
sequence voltage.
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5 Mitigation Strategies L s

@ Balancing Loads: Ensuring that the loads across all three phases are
as equal as possible to minimize unbalance.

@ Power Quality Equipment:
o Phase Balancers: Devices that redistribute unbalanced loads.

o Static Var Compensators (SVCs): Improve voltage stability and balance
reactive power.

o Harmonic Filters: Address harmonic distortions that can exacerbate voltage
unbalance.

@ System Configuration: Optimizing the network layout and transformer
connections to naturally mitigate unbalance.

@ Regular Maintenance: Periodic inspections and maintenance of
electrical infrastructure to prevent conditions that could lead to voltage
unbalance.
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