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Abstract:- This paper examines the voltage unbalance in discrete manner. The system sinusoidal cycle is
sampled at a particular sampling period, and the three instantaneous values of voltages are measured at these
samples. These instantaneous values together with their space vector are employed by the proposed Algorithm
for Voltage Unbalance Prediction (AVUP) to predict if there is any voltage unbalance. The simulated results
show the high performance of AVUP for predicting of voltage unbalance.
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l. INTRODUCTION
A balance electrical power system contains only positive sequence components of voltage, current and
impedance. The generators in the stations of power systems are constructed in the way to produce balanced
three-phase sinusoidal voltages, of equal magnitudes and equal individual separation. However, at the utilization
points the three-phase voltages may become unbalance due to the following causes [1, 2, and 3]:

1. Unregulated distribution of single-phase load connected through the three-phase power system,

2. Asymmetrical transformer winding impedances spreading among the three-phase power system,

3. Asymmetrical transmission impedances caused by incomplete transposition of transmission lines, and
4. Inappropriate design of utility of single-phase transaction and railroads.

Many utilities do not care about their voltage unbalance because the adverse results are not immediately realized,
and the voltage unbalance is observed only when there is a complaint [4]. There are many problems associated
with the voltage unbalance such as more energy losses, heating, possibility of system instability and negative
effects on the equipment [5]. A reduction of efficiency or failure of an induction motor may occur when it is
operating under unbalanced voltage conditions [6 and 7]. Kersting and Phillips proved that the losses of rotor
and stator circuits of induction motor are increased with high voltage unbalance [8]. The operating of converter
under unbalanced voltage conditions produces uncharacteristic triple current harmonics, such as 3rd and 9th
order, in the input. In addition, it also produces the characteristic harmonics (5th, 7th, 11th etc.) [9].

Many authors [4, 10, 11 and 12] have proposed formulas for voltage unbalance factor assessment with
the following improper assumptions:

1. They assumed that there is a voltage unbalance and made their calculations for the percentage voltage
unbalance factor (VUF), but they did not determine if there is a voltage unbalance or not.
2. They made their calculations for the percentage voltage unbalance factor depending on the assumed

RMS voltages, not on the real measured values.

There are many definitions for the voltage unbalance. The National Electrical Manufacturers
Association (NEMA) define the voltage unbalance as the maximum deviation from the average of three line
voltages, referred to the average of three line voltages [13]. According to IEEE Std.936-1987, the voltage
unbalance is defined as the difference between the highest and lowest RMS voltages, referred to the average
RMS of the three voltages [14]. Another definition of voltage unbalance is given by IEEE Std.112-1991: it is the
deviation from the average of three phase voltages, referred to the average of three phase voltages [15]. The
recently confirmed true definition is given by IEEE Std.1159-1195: it is the ratio of negative- sequence voltage
and positive- sequence voltage. The author of [11] concluded that the two definitions; IEEE Std.936-1987 and
IEEE Std.112-1991; give significant different results referred to the true definition IEEE Std.1159-1195.

Many techniques have been proposed to correct the voltage unbalance of electrical supply system. It is
impossible to keep exact balance due to the continuous connection and disconnection of the single-phase loads
and unregulated distribution between the three phases [16]. The methods of voltage unbalance correction were
trying to distribute single-phase loads equally across the three- phase supply [17]. Broadwater et al. proposed to
change the system configuration to balance the electrical distribution system using manual and automatic feeder
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switching operations [5]. A proper selection of distribution of transformers helps in keeping a balanced supply
system [9]. The voltage unbalance correction can be achieved by means of the static Volt- Ampere Reactive
(VAR) compensation [12, 18 and 19]. When there is an unbalanced load change, reactive power is added or
absorbed by the reactive compensator to balance the load and then the three phase voltages.
Before calculating the voltage unbalance factor, it is necessary to determine if the power system is balanced or
not. In this work, a discrete prediction of voltage unbalance is achieved through employing the property of
Space Vector (SV) to provide enough time of system sinusoidal period for calculations and control of voltage
unbalance. This results in fast response of correction.

The paper is organized as follows. The voltage unbalance in three-phase supply is discussed in Section
2, and the theory of space vector is given in Section 3. The proposed technique for prediction of voltage
unbalance is presented in Section 4. Section 5 discusses the results and Section 6 concludes the paper.

1. UNBALANCED THREE- PHASE VOLTAGE

In the three-phase electric power system, the load elements are arranged in either star or delta
connection and supplied by three line currents [20]. In the electrical power system, the voltage unbalanced
means unequal voltage magnitudes at fundamental frequency, fundamental phase angle deviation and unequal
levels of harmonics between the three phases [4]. The American Standard C84.1-1995 confirmed that the
maximum voltage unbalance of electrical supply systems should not exceed 3% [21]. The International Electro-
mechanical Commission (IEC) recommended that the maximum voltage unbalance should not exceed 2% [16].
Fig. 1 shows the three line currents (ia, ib, ic) of three-phase supply, which are drawn by the unbalanced load.
If there is an unbalanced change in the load, the three line currents become unbalance, leading to three
unbalanced load voltages. These unbalanced voltages can be divided in three components: positive-sequence,
negative-sequence and zero-sequence components. For getting back the balance condition, it is necessary to
discard the negative-sequence component or the positive-sequence component.
For a stable system, it is necessary to watch if any unbalanced load change has occurred, and the correction has
to be done in very short time. In this work, a prediction of voltage unbalance in discrete manner is achieved,
employing the property of space vector. This achievement will speed up the response of controller which is used
in voltage unbalance.
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Fig. 1: Three-phase supply with unbalanced load.

1. SPACE VECTOR THEORY
The space vector is the transformation of effect of balanced three instantaneous values into a single
complex variable [22]. For the balanced three- phase voltages, the time domain of voltage va is assumed:
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v, =sinot 1)
Its space vector is:

Va=sinat=v, @)

The three voltages are balanced, therefore, space vector of two voltages: v, and v, are:

Vb =av, 3
Ve =a%y, 4
The space vector for three voltages is:

V=V, +av, +a°v, (5)

where a= exp(j 2n/3)

By substituting '’ and 'a® in (5), we get:

T DR T ©

After scaling (6) by (2/3), the equation becomes:
Vs=V,+] i(vb—vc) 7
3

V. PREDICTION OF VOLTAGE UNBALANCE
Unbalanced voltages in three- phase system cause adverse effects on the electrical power system and
equipment. In this work, the system sinusoidal cycle is divided into many samples. The three instantaneous
values of voltages are measured at these samples and kept for voltage unbalance prediction. The property of the
space vector together with the discrete measurement of the three instantaneous values of voltages is employed to
prognosticate the voltage unbalance at discrete manner.

A Algorithm for Voltage Unbalance Prediction (AVUP)

At any instant, the sum of three instantaneous values of balanced voltages is zero. However, for some
cases the sum of the instantaneous values is zero even though the system is unbalanced. For instance, the three
instantaneous values of an unbalanced case of: va= 300V, vb= -300V and vc= 0V, give a sum of zero although
the three voltages are unbalanced.

If the property of space vector is employed to measure the voltage unbalance, the measured space
vector magnitude (VSM) has to be fixed and equal the reference one (Vsref) for all samples, to guarantee the
balance case. However, it may occur that the measured space vector magnitude (Vsm) is less or greater than the
reference one and the three voltages are still balanced. Therefore, to measure the voltage unbalance, it is
necessary to include both conditions; the instantaneous values of voltages and the space vector magnitude, as
proposed by the Algorithm for VVoltage Unbalance Prediction (AVUP), which is given in Fig. 2.

The two logic conditions used in the AVUP are as follows:

1. Sum of instantaneous values of voltages is equal or not equal to zero

2. Comparison between the measured and the referenced space vector magnitude

These two conditions form a binary number of 2-bits which represent four states: 00, 01, 10 and 11. The Most
Significant Bit (MSB) of the binary number represents the state of condition (1) and the Least Significant Bit
(LSB) represents the state of condition (2). A binary number '1' stands for the equality in condition (1) or
condition (2), and the binary number '0' stands for the inequality in condition (1) or condition (2). A detailed
description of each state is shown below:

- State (11) indicates that the sum of instantaneous values of three voltages is zero and the magnitudes of
measured space vector and reference one are equal. Therefore, the three voltages are balanced.

- State (00) indicates that the sum of instantaneous values of three voltages is not zero and the
magnitudes of measured space vector and reference one are not equal. Therefore, the three voltages are
unbalanced.

- If state (10) is fulfilled, the load change may be occurred in the way to give a balanced condition, but
Vsm is less or more than Vsref. Therefore, the algorithm has to go through path (1), to verify this possibility.
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State (01) is invalid, because the MSB of binary number '0' proves that the system is unbalanced

(because the sum of instantaneous values of three voltages is not zero). Therefore, the LSB of binary number
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Fig. 2: Algorithm for VVoltage Unbalance Prediction (AVUP)
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V. RESULTS AND DISCUSSIONS

In the AVUP, the discrete values of the balanced voltages are recorded for a complete cycle, to use
them in calculating the reference value of space vector. For this simulation, the reference value of space vector
is taken as 100V. For different changes of three- phase voltages, the AVUP algorithm is used to predict the
voltage unbalance, and the simulated results are shown in Table I. In the first and second cases, the change
occurred in such a way to produce a balance and unbalance voltage respectively , it is found that in both cases
the two conditions of AVUP produce the correct result. In case (3) and case (4), the true result of voltage
unbalance is not detected by condition (1) of AVUP, but it is detected by condition (2) of AVUP. In case (5), the
true result is the voltage balance but with voltage magnitude less than the desired one. Therefore, the AVUP has
to go through path (1), as shown in Fig. 2. It can be concluded that for measuring the voltage unbalance
accurately, it is necessary to include both conditions as proposed by the AVUP algorithm.

Table I: Simulated Results of Voltage Unbalance Prediction

Case- Instantaneous values of three Sum of Space vector
number voltages after the change True result instantaneous magnitude
Vi Vp Ve values of three (Vsm)
voltages (Vsref=100V)
1. 95.10V  -74.31V -20.79V Voltage Balance 0 100V
2. 80.90V  -77.65V -11.49V | Voltage Unbalance 14.74V 95.88V
3. 80.50vV  -35.10V -45.40V | Voltage Unbalance 0 80.71V
4, 94.10V -55.07V -39.03V | Voltage Unbalance 0 94.55V
5. 64.72V -73.08V 08.36V Voltage Balance 0 80V
but
at less voltage
magnitude

VI. CONCLUSIONS
In this work, a discrete prediction of voltage unbalance is achieved to provide enough time of system
sinusoidal period for calculations and control of voltage unbalance, results in fast response of correction. An
Algorithm for Voltage Unbalance Prediction (AVUP) is proposed. The AVUP uses the sum of three
instantaneous values of voltages and space vector magnitude to predict the voltage unbalance accurately.
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