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Abstract

A method of system for three-phase voltage detection wherein the magnitude
of a grid voltage is calculated using a grid voltage vector derived from the grid

voltage using Park Transformation and then compared to a predetermined voltage

threshold is disclosed.
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METHOD AND SYSTEM FOR THREE-PHASE VOLTAGE DETECTION AND

PROTECTION

FIELD OF THE INVENTION

This invention relates generally to the field of grid-connected inverter
systems and more particularly, to a method and system for three-phase (3-phase)

voltage detection.

BACKGROUND OF THE INVENTION

Reliable, fast and accurate voltage detection is critical to safety and

protections of distributed power generators (DC) as well as power systems.

A distributed power generation system is required to cease to energize the
grid within a specified clearing time at the detection of an abnormal grid voltage.
Traditionally, three-phase grid voltage protection is achieved by calculating and
monitoring rms values of grid voltages from the instantaneous voltage data.
However, this requires continuously accumulating the sampled voltage data over

one or more cycles before an rms value is calculated, which not only demands

lengthy computations but also causes a time delay in response to a voltage fault.

According to IEEE standards for DC interconnection. the rms or fundamental
frequency values of line-to-line voltages of an ungrounded three-phase system. or

phase-to-neutral voltages of a grounded wye-wye three-phase system, or phase-to-

4090506 v1



(|

CA 02510273 2005-06-20
2D

neutral voltages of a single-phase system shall be detected for abnormalities.

Traditionally, the rms voltage is detected based on equation (1).

fg+T -2
/[ v2(t)dt
V = 0 —
s 7 (1)

where v(t)is the instantaneous value and T is the period of grid voltages. In
practice, the above rms calculation method has certain challenges in
implementation. The discrete values of v(t) or v?(t) at the sampling moments need to
be accumulated continuously over one or more cycles, which requires both large
computational time and storage resource. This causes an inevitable delay in

response to an over-voltage or under-voltage fault. >
SUMMARY OF THE INVENTION

In one aspect, the present invention provides a method and system in which
the continuous accumulation over time is no longer necessary, and the dynamic
response to a grid voltage fault is substantially improved by a method for three-
phase grid voltage detection and protection based on voltage reference frame

transformation on a three-phase grid-connected inverter, based on calculation and
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monitoring of the instantaneous magnitude of the grid voltage vector in the
synchronous d-q reference frame. Analysis shows that the magnitude of the grid
voltage vector can reflect the dynamic characteristics of grid voltages
instantaneously, thus the response for grid voltage faults is immediate. In addition,
the algorithm is direct and simple. The results of both simulations and laboratory
tests on the inverter have verified that the new method is simple and accurate, and

offers a fast dynamic performance.

In another aspect, the present invention provides, a method of three-phase
voltage detection and protection, where the magnitude of grid voltage vector in the
synchronous d-q reference is monitored instead of rms value of grid line-to-line
voltages in the A-B-C reference frame. The magnitude of grid voltage vector is
calculated from the present instantaneous values of grid phase voltages based on

Park Transformation.

In another aspect, the present invention provides, a method of three-phase

&
voltage detection in a distributed power generation system comprising the steps of
calculating the magnitude of a grid voltage vector using Park Transformation and

monitoring the magnitude in real-time and comparing the magnitude with preset

protection limits.

In another aspect, the present invention provides, a method of three-phase
voltage detection in a power gird comprising the steps of sampling a three-phase

voltage input and grid angle from the power grid, transforming the three-phase
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voltage input to a two phase coordinate system and deriving a grid voltage vector,
determining the magnitude of the grid voltage vector, and comparing the
magnitude with a predetermined threshold value. The method can further include
generating a system control command when the magnitude exceeds the
predetermined threshold value and applying the command to initiate protection and

control functions in the grid.

In another aspect, the present invention provides, a voltage detection system
comprising a three-phase transformer for reducing the three phase input voltage, a
microprocessor connected to the three-phase transformer comprising an A/D
converter for digitizing analog voltage signals into digital signals, a phase sequence
and grid detection circuit for detecting for detecting grid phase sequence and grid
angle, a three-phase to two-phase conversion and magnitude calculation program
for (1) conducting voltage reference frame transformation from three phase to two
phase (2) calculating the magnitude of voltage vectors derived from the
transformation and (3) comparing the magnitude of the voltage vectors to
predetermined thresholds, and one or more protection and control devices

connected to the microprocessor.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a vector diagram for the case when a positive-sequence harmonic

component exists in a grid voltage;
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Fig. 2 is a vector diagram for the case when a negative-sequence harmonic

component exists in a grid voltage;

Fig. 3 is a block diagram of a grid voltage detection and protection system;

Fig. 4 is a hardware circuit for three-phase voltage detection;

Fig. 5 show a transformation from A-B-C coordinates to a - 3 coordinates;

Fig. 6 shows a transformation from a - 3 coordinates to d-q coordinates;

Fig. 7 shows a simulation results of the case when a 7t harmonic voltage
exists in the grid. Upper: magnitude of grid vector voltage (V); Lower: Phase-A

voltage (V);

Fig. 8 shows a simulation result of the case when a 5" harmonic voltage exits

in the grid. Upper: magnitude of gird vector voltage (V), Lower: Phase-A voltage

(V)

>

Fig. 9 shows a simulated waveform of the magnitude of grid voltage vector in

case of phase-loss fault;

Fig. 10 shows a simulated waveform of the magnitude of grid voltage vector

in case of single line-to ground fault;

Fig. 11 shows a simulated waveform of the magnitude of grid voltage vector

in case of a line-to-line fault;
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Fig. 12 shows a simulated waveform of the magnitude of grid voltage vector

in case of a double line-to ground fault;

Fig. 13 shows the waveforms of the magnitude of grid voltage vector and
Phase-A voltage. Upper: magnitude of grid voltage (V); Lower: Phase-A voltage (V);

Time: 16.67us/ digit;

Fig. 14 shows a test on Phase-C over voltage fault. The spikes at the grid
voltages show the de-activation of the inverter connected with the grid. Upper: Grid

fault signal (active high); Lower: Three phase voltages (100V/div); Time: 5ms/div;

Fig. 15 shows a test on Phase-C voltage fault. The spikes at the grid voltages
show the de-activation of the inverter connected with the grid. Upper: Grid fault

signal (active high); Lower: Three phase voltages (100V/div); Time: Sms/div;

Fig. 16 shows the waveform in d-q coordinates in the case shown in Fig. 10.
Upper: magnitude of grid voltage vector (V);, Middle: grid voltage in d axis (V);

o

Lower: grid voltage in q axis (V); time: (sec);

Fig. 17 shows the waveforms in d-q coordinates in the case shown in Fig. 11.
Upper: magnitude of grid voltage vector (V); Middle: grid voltage in d axis (V);

Lower: grid voltage in q axis (V); Time: (sec); and

Fig. 18 is a system block diagram of a voltage detection and protection system

according to the invention;
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Fig. 19 is a flow chart showing a computer-implemented method according to

the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

According to the principles of Park Transformation, three-phase balanced
sinusoidal signals in the stationary A-B-C reference frame can be transformed into a
static vector in the synchronous d-q reference frame, and the magnitude of this
vector is exactly equal to the peak value of the sinusoidal signal. Since the actual
grid voltage is generally non-sinusoidal due to harmonic components, the
corresponding vector will have a slightly variable magnitude whose ripple
frequency magnitudes and (or peak-to-peak value) depend on the harmonic
components in the grid voltage. In a three-phase system, the grid voltage can be de-
composed into positive-sequence components, negative-sequence components and

zero-sequence components at each harmonic frequency.

Fig. 1 is a vector diagram for the case when a positive sequence harmonic
component exists. As shown in Fig. 1, if the fundamental voltage vector in the d-q
frame is Vg _base and is superimposed by a pt positive-sequence harmonic
component voltage vector Vg_p, the actual grid voltage vector Vg is the compound
vector of Vg_base and Vg _p. The pth harmonic voltage vector rotates in the positive
direction of the d-q frame at p times the synchronous angular frequency . Thus in

the d-q frame, Vg_p rotates at a relative velocity of (p-1) ®. As a result, the voltage
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vector Vg forms a locus of a circle whose radius is the magnitude of Vg_p, as shown

in Fig. 1.

Similarly, Fig. 2 shows the case when there is a negative-sequence nth
harmonic component in the grid voltage. The rotating direction of Vg_n here is in
the opposite direction at a velocity of (n+l)®. Since there is no zero-sequence
component in the line-to-line grid voltages of a three-phase system, zero-sequence

components are ignored in this paper.

Grid voltage faults will cause an obvious change in the magnitude of the grid
voltage vector, because both balanced faults and unbalanced faults will change the
components of fundamental and harmonic voltages of the grid. That is, Vg reflects
not only the rms value of the fundamental voltage but also the harmonic
components in the grid voltages. Therefore, monitoring the instantaneous
magnitude of a grid voltage vector presents simple yet effective method for grid

voltage detection and protection.

hd

Fig. 3 shows a block diagram of a grid voltage detection and protection
system. Through an output contactor RC3, a three-phase inverter is connected to a
three-phase power grid without neutral line. The equivalent phase voltages of the
three-phase three-line grid v, vy and v, are detected and used to calcualate the

magnitude of the grid voltage vector, v, Moreover, the grid phase voltage signals
are also used to detect the grid phase sequence and the grid angle 0 by zero-crossing

detection and a software pass-lock-loop (PLL), where the grid phase sequence will
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determine the rotating direction of the d-q coordinate, i.e. the sign of 6. At the same
time, the grid frequencies of each phase are also detected and monitored from the
three phase voltage signals, which is another important part of the system protection
but not shown in Fig. 3. The magnitude of grid voltage vector is calculated using
Park Transtormation, then monitored in real-time and compared with the protection
limits that are preset according to the IEEE interconnection standards. Once the
magnitude of the grid voltage vector exceeds its limits, the grid voltage faults
protection is activated immediately to disable the operation of the three-phase
inverter and to, at the same time, disconnect the converter from the grid by opening

the output contactor RC3.

Most of three-phase grid-connected inverters are connected to a three-phase
grid without a neutral, which means the phase-to neutral voltage cannot be directly
measured. In these cases, line-to-line voltages can be detected instead of according
to the IEEE standards. However, for high performance inverters, the grid phase
voltages are usually required for the control algorithm as the signal of the back EMF.
Therefore, it is preferred to design a circuit to detect the equivalent phase voltages of

the grid for both system protection and control algorithm.

Three single-phase transformers 1A, 1A and 1C are employed to detect the

phase voltages of the three-phase grid. As shown in Fig. 4, three transformers are Y-
Y connected without neutrals, and three detection potentiometers are also Y-

connected as the three-phase load of the three transformers. The three-phase grid

4090506 v1
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voltages, VA, VB and VC are input through the connect J1, while the detected three
voltage signals, Va, Vb and Vc are sent out through the connecter J2 for the further
calculation. As will be obvious to those skilled in the art, as long as three
potentiometers PA, PB, and PC have the same resistance, their common point, the
signal ground in Fig. 4 is the desired neutral point, and Va, Vb, Vc can be considered
as the equivalent phase-voltage signals of the three-phase grid. Zero-sequence
voltages will not appear in the phase voltage signals, but since there are no zero-
sequence voltages existing in line-to-line voltages of a three-phase three-wire grid,

this circuit is still valid for the detection of the grid phase voltages.

Referring to Fig. 18, a system for implementing the invention is shown.
Three-phase transformer or voltage transducers reduce the voltage and provide
isolation between the high voltage power system and the low voltage
protection/control circuit. An A/D converter digitizes the analog voltage signals
into digital signals for the microprocessor. A phase sequence and grid angle
detection circuit detects the grid phase sequence and grid angle for reference frame
transformation from 3-phase to 2-phase. A 3-phase to 2-phase conversion and
magnitude calculation block conducts voltage reference frame transformation from
3-phase to 2-phase and calculates the magnitudes of the voltage vector and the
fundamental components. A comparison logic compares the detected magnitudes
of the voltage vector and the fundamental components with those of Internal or

external settings for voltage protection, and activates conventional protection and
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control action by power devices. It is also possible to modify a conventional voltage
detection system by making an appropriate software modification to implement to

method of the present invention.

A program flow chart is shown in Fig. 19 which shows the steps carried out
by the microprocessor in the system of Fig. 18 as follows: Sense 3-phase voltage and
Sense grid angle, Conduct 3-phase to 2-phase voltage transformation, Calculate
magnitudes of voltage vector and fundamental component, Compare the magnitude
with the settings, and Perform protection and control tunctions if protection and

control conditions are met.
Sense 3-phase voltage and Sense grid angle

The 3-phase grid voltages (va, vb, and vc ) are sensed by the A/D converter of
the microprocessor, the phase sequence and grid angle (0) are sensed through the

zero-crossing pulses provided by the external circuits.

The calculation of the magnitude of grid voltage vector is based on Park
Transformation which is utilized to transfer grid phase voltages from three-phase
stationary A-B-C coordinates to two-phase synchronous rotating d-q coordinates. In
order to simply the algorithm computation, the transformation is conducted in two

steps.

The first step is to transfer grid voltages from the conventional three-phase

stationary coordinate system (A-B-C coordinates) to the two (2)-phase stationary

4090506 v1
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coordinate system (a - [3 coordinates), where a - axis is oriented to the direction of
A-axis of ABC coordinates, as shown in Fig. 5. Equation (2) illustrates the algorithm

of the transformation, where [vq v g]T is the grid voltage vector in a a - p coordinates.

AN L B
vV, =£ 2 2 " (2)
Ve 3 0 _‘_/_3_ _[3_ b
2 2 LY.

The second step is to transfer grid voltages from the stationary a - £
coordinate system to the two-phase rotating coordinate system (d-q coordinates) as
shown in Fig. 6, where the d-q coordinates rotate at the same speed as the grid
fundamental frequency @ and in either the counterclockwise direction in case of
positive grid phase sequence or the clockwise direction in case of negative grid
phase sequence. Fig. 6 shows the transformation in the case of positive grid phase
sequence. Equation (3) illustrates the algorithm of the transformation, where 0 is
defined as the grid angle between d-axis of d-q coordinates and a-axis of a - 3
coordinates (or A-axis of A-B-C coordinates) and is equal to ® t and, [va vq]" is the

grid voltage vector in d-q coordinates.

[vd =[cos¢9 sin @ || v, ;
Vo -sSiné cosd V, )
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Calculate magnitudes of voltage vector and fundamental component

Once the grid voltage vector in d-q coordinates is found out, the magnitude

of the grid voltage vector, v, is calculated using equation (4).

. 2 2
V, =\Vs tV, (4)

The average value of the grid voltage vector magnitude, i.e. the fundamental
grid voltage magnitude vg1, needs to be calculated and monitored for the protection
purpose. A simple software RC filter is employed to extract vg from vg, as described
by equation (5) in a processor. Once a in equation (6) and system sampling period T

are known, the time constant of the filter, T, can be determined by (5).

Ve (k) = (1-a)V,, (k —1) + aV (k) ©)

o d

where Vg(k) 1s the present sampling value of vg Vai(k) is the latest filtered
value of vg Vg(k-1) is the last filtered value of vy a is the filter smoothness

coefficient.

" n(l-a)” 6)
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Compare the magnitudes with the settings

The detected voltage vector magnitude and fundamental component
magnitude are then compared with the protection settings which can be given by
the internal data in the processor or by the external data sent from the external
system through A/D conversion or digital communication means. The results of
comparison are used to perform protection functions or used to perform

conventional control functions of the system.
Perform protection and control functions

The performance of protection functions and control functions is done by
external execution devices based on the detected voltage vector magnitude and

fundamental component magnitude, and normally done at a power level.

A program using the method of the present invention is normally run in a

cyclical manner in a protection and control system.

oF
!

In order to verify the above analyses shown in Fig. 1 and Fig. 2, a three-phase
grid system was simulated by the present inventors using PSIM simulation package.
Fig. 7 shows the simulation results of the case when there is a 7t harmonic
component in the three-phase grid voltage. Here the tfundamental frequency
component is 170sin(1207xt) and the 7th harmonic component is 8sin(840nt) which is
a positive-sequence component. Fig. 7 confirms that the simulation result agrees

with the analysis shown in Fig. 1. Similarly, Fig. 8 shows the simulation results of
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the case when there is a 5t harmonic component in the three-phase grid voltage.
The fundamental frequency component is 170sin(120nt) while the 5t harmonic

component is 8sin(600nt) which is a negative-sequence component. Also, the

simulation results verify the analysis shown in Fig. 2.

Four typical grid unsymmetrical faults, namely phase-loss fault, single line-
to-ground fault, line-to-line fault and double line-to-ground fault, are also simulated
in this paper, and the simulated waveforms of the magnitude of grid voltage vector
are shown in Fig. 9 to Fig. 12, respectively. The simulation is based on the phase
voltage detection circuit shown in Fig. 3, and the nominal line-to-line voltage of the
three-phase grid is 208V without any harmonics. From the simulation results, it can
be seen that all unsymmetrical faults mainly introduce a negative-sequence
component to the fundamental frequency voltage, which causes the magnitude of
the grid voltage vector to oscillate with a frequency twice of the fundamental

frequency.

o

The present inventors successfully tested the grid voltage detection and
protection method according to the present invention by implementing it in a 30kW
three-phase grid-connected inverter used for a variable speed small hydro system.
In laboratory tests, the nominal line-to-line voltage of the grid is 208V and the

nominal grid frequency is 60Hz. Fig. 12 shows the waveforms of phase-A voltage

and the magnitude of grid voltage vector in the d-q frame. It can be seen that the
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magnitude of the fundamental voltage is about 175V and the dominant harmonic

components of this grid are 5t and 7t harmonic voltages.

Unbalanced voltage faults were also tested in the laboratory. Gains in the
phase voltage detection circuits are adjusted to simulate Phase-C over-voltage and
under-voltage faults. As shown in Fig. 14 and Fig. 15, once Phase-C voltage reaches
the upper or lower protection limit, the fault protection signal activates immediately,
thus eliminated the delay caused by rms detection by traditional methods. Fig. 16

and Fig. 17 show the corresponding variables in the d-q frame.
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We claim:

1. A method of three-phase voltage detection in a distributed power generation

system comprising the steps of:

calculating the magnitude of a grid voltage vector using Park Transformation;

and

monitoring the magnitude in real-time and comparing the magnitude with

preset protection limits.

2. A method of three-phase voltage detection in a power gird comprising the

steps of:

sampling a three-phase voltage input and grid angle from the power grid;

transforming the three-phase voltage input to a two phase coordinate system

and deriving a grid voltage vector;

determining the magnitude of the grid voltage vector; and

comparing the magnitude with a predetermined threshold value.

3. A method according to claim 2 including the step of generating a system

control command when the magnitude exceeds the predetermined threshold value

and applying the command to initiate protection and control functions in the grid.

1. A voltage detection system comprising;

4090506 v1
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a three-phase transformer for reducing the three phase input voltage;

a microprocessor connected to the three-phase transformer comprising;:

an A/D converter for digitizing analog voltage signals into digital

signals;

a phase sequence and grid detection circuit for detecting for detecting

grid phase sequence and grid angle;

a three-phase to two-phase conversion and magnitude calculation
program for (1) conducting voltage reference frame transformation from
three phase to two phase (2) calculating the magnitude of voltage vectors
derived from the transformation and (3) comparing the magnitude of the

voltage vectors to predetermined thresholds; and

one or more protection and control devices connected to the

MICroprocessor.
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