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AN-1198 Power Generator Protection through Differential Relay
using GreenPAK™

The GreenPAK IC can be used for the protection of a 3-Phase Power Generator. In this application
note, we will explain how to design the differential protection of a 3-Phase Power Generator. This
design will help to protect the generator from internal faults, i.e. inter-turn faults, single-phase to
ground faults, double line to ground fault, three-phase fault, etc. The six analog outputs from ground
and line sides of 3-phase power generator will be monitored. The faults in between the boundaries (line
side and ground side current transformers) of 3- phase generator are identified based on these
currents.

Problem Statement

It is necessary to protect a power generator properly due to its importance in a power system for
electrical energy generation. The 3-phase power generator is the source of electrical energy in a typical
power system. Different protection devices are designed to protect the power generator from these
faults. If not protected properly, a great financial loss could occur because it is one of the most
expensive units in the power system. Other circuits to protect the power generator are available, but
the GreenPAK design will provide a less expensive and more reliable solution to this problem.

Power Generator Background

A generator is a device that converts mechanical power into electrical power for use in an external
circuit. Sources of mechanical energy include steam turbines, gas turbine, water turbines, internal
combustion engine and even hand cranks. Each power generator generates voltages from 3.3 kV to
33 kV. The generators don’t generate voltages below 3.3 kV because the proportionate current increase
demands that the conductors have a very large diameter to handle that current. Also, they cannot
generate voltages above 33 kV due to the increase in insulation strength requirement. The reason is
that when voltage level increases, then insulation strength is also required to increase. After the
location of each power generator in the power system, a step up transformer is attached to increase
the voltage level to 120, 220, 500 kV for the transmission purpose. The reason for power transmission
at high voltages is that the losses decrease at high voltages. To keep power constant, the current
decreases at high voltages and hence the transmission line losses decrease. To calculate the power
loss in any transmission line, the following mathematical formula is used.

P=1IR
where,
P = Copper power loss
I = Current in the transmission lines
R = Resistance of the transmission lines

For the particular power generator used in this application note, the lowest practical value for voltage
is 3.3KV, and the highest voltage is 33KV. There are six sets of current transformers (CT), three CTs
are connected to the line side of the generator and other three are connected to the ground side of
the generator. Each phase has two CTs. It is needless to say that the characteristics of all current
transformers installed against each phase must be matched. If there is any major mismatch in the
current transformer’s characteristics of both sides of the generator, there may be a high chance of
malfunctioning of the differential relay during a fault external to the stator winding, and also may be
during normal operating conditions of the generator. It is always preferable to use dedicated current
transformers for differential protection purpose because
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common current transformers may cause unequal secondary loading for other functionalities imposed
on them. It is also always preferable to use all current transformers for differential protection of
generators (or alternators) having same characteristics. However, practically there may be some
difference in characteristics of the current transformers installed at line side to those installed on the
neutral side of the generator. These mismatches cause spill current to flow through the relay operating
coil. To avoid the effect of spill current, percentage biasing is introduced in the differential relay.

Differential current pickup setting/bias setting of the relay is adapted based on the maximum
percentage of allowable mismatch adding some safety margin. The spill current level for the relay is to
just operate it; is experienced as a percentage of the through fault current causing it. This percentage
is defined as bias setting of the relay.

Spill current for relay operation

Percentage bias = —— x 100%
Through fault current causing it

The power generator protection is shown in figure 1. It has 6 CTs, 3 are connected on ground side and
the other 3 are connected on the line side of the generator. The currents from CTs have been taken
and after balancing it through resistors it is given as an input to the differential relay. The current
balancing has been done to avoid mismatching in the currents of both sides. There are different
components inside of a relay, each of them used to detect different faults i.e. phase fault detection
component, ground fault detection component, etc.
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Figure 1. 3-Phase Power Generator Protection schematic

In the 3-phase system, each connection is either in Star (Y) connection, or Delta connection. The
generator, transformer and load connections in the 3-phase power system are shown in figure 2. The
generator zone boundary is also shown in figure 2.
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Figure 2. 3-Phase connection of Power Generator in Power System
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The block diagram representation of power generator protection using a GreenPAK IC is shown in
figure 3.
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Figure 3. Block Diagram representation

There are six current transformers that are attached on the line and ground sides. Since we are
considering three-phase power generation, each phase has two dedicated CTs connected to it. Phase
A has CT1 and CT4, phase B has CT2 and CT5, and phase C has CT3 and CT6. We have considered CTs
of 1A output current rating. There are certain practical mismatches that occur during this procedure
i.e. CT burden class mismatch, CT accuracy class mismatch, CT current transformation mismatch, the
length of cable used to transfer current from CT to relay, etc. Due to these mismatches, a margin of
0.2A has been used. Thus, each CT has been checked whether its output is greater than 1.2A or not.
In case of no fault in each phase, the CT output is less than 1.2A. Thus, if the current is greater than
1.2A then there is fault in between the boundaries of the generator.

After checking whether the output of each CT is greater than 1.2A or not, an OR logic gate for each of
the three phases is used. If the output logic of a particular OR logic gate is high then it means that
there is a fault in that phase and vice versa. After that, the outputs from three phases have been sent
to another Logic OR Gate. It makes the final decision. If its output is logic high, then a trip signal is
sent to both the line side and ground sides and vice versa. The final logic gate output is sent to the
HL-52S relay modules and piezoelectric buzzer. Relay modules are used to open the contacts of the
generator from ground and line sides to isolate it from the power system. HL-52S relay module allows
the power generator to remain in the system in order to provide voltages for the running of loads
during normal conditions. The detailed flow diagram of this algorithm is shown in figure 4.
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Figure 4. Flow diagram of Power Generator Protection
The algorithm is repeated again in the power generator protection scheme.
The top-level schematic is shown in figure 5.
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Figure 5. Top level Schematic
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Description
Current Transformer

A current transformer is a type of transformer that is used to measure AC Current. It produces an
alternating current (AC) in its secondary that is proportional to the AC current in its primary. Current
transformers, together with voltage transformers (VTs) or potential transformers (PTs), which are
designed for measurement, are known as an Instrument Transformer.

The main tasks of instrument transformers are:

e To transform currents from a usually high value to a value easy to handle for relays and
instruments.
e To insulate the metering circuit from the primary high voltage system.
e To provide the possibility of standardizing the instruments and relays to a few rated currents
and voltages.
When the current to be measured is too high to measure, a current transformer can be used to provide
an isolated lower current in its secondary that is proportional to the current in the primary circuit. The
induced secondary current is then suitable for measuring instruments or processing in electronic
equipment. Current transformers have very little effect on the primary circuit. A CT is connected in
series with the transmission line due to its very low input resistance.

Current transformers are the current sensing units of the power system. The outputs of current
transformers are used in electronic equipment and are widely used for metering and protective relays
in the electrical power industry.

Figure 6. Current Transformer

Most current transformers have the standard secondary rating of 5 or 1 amps with the primary and
secondary currents being expressed as a ratio such as 100/5 or 100/1 respectively. This means that
in the case of 100/5 CT, the primary current is 20 times greater than the secondary current so when
100 amps are flowing in the primary conductor it will result in 5 amps flowing in the secondary
winding.

By increasing the number of secondary windings (N2), the secondary current can be made much smaller
than the current in the primary circuit being measured because as N2 increases, 12 goes down by a
proportional amount. In other words, the number of turns and the current in the primary and secondary
windings are related by an inverse proportion.

A current transformer, like any other transformer, must satisfy the amp-turn equation and this turns
ratio is equal to:
Np Is
Turn Ratio =n = — = —
Ns Ip
From which we get:
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where,

Np = Number of turns in the primary windings
Ns = Number of turns in the secondary windings
Ip = Current in the primary windings

Is = Current in the secondary windings

The current ratio will set the turns ratio and as the primary usually consists of one or two turns, while
the secondary can have several hundred turns, the ratio between the primary and secondary can be
quite large. For example, assume that the current rating of the primary winding is 100A. The
secondary winding has the standard rating of 5A. The ratio between the primary and the secondary
currents is 100A-to-5A, or 20:1. In other words, the primary current is 20 times greater than the
secondary current.

HL-52S Relay Module
The HL-52S Relay module allows a wide range of control for larger loads and devices like AC or DC
Motors, electromagnets, solenoids, and incandescent light bulbs. The relay shield uses one QIANJI JQC-

3F high-quality relay with rated load 10A/250V AC, 10A/125V AC, 10A/28V DC, 10A/30V DC. The relay
output state is individually indicated by a light-emitting diode.

The features of the module are given below.

e Control signal: TTL level

e Rated load: 10A/250V AC, 10A/125V AC, 10A/28V DC, 10A/30V DC

e Contact action time: 10ms/5ms

e COM- Common pin

e INT 1-4: Relay 1-4 control port

e NC- Normally Closed, in which case NC is connected with COM when INT1 is set low and
disconnected when INT1 is high

e NO- Normally Open, in which case NO is disconnected with COM1 when INT1 is set low and
connected when INT1 is high

We will use the HL-52S 2 channel relay module. The high voltage output connector has 3 pins, the
middle one is the common pin, and as we can see from the markings one of the two other pinsis for
normally open connection and the other one for normally closed connection. The relay module is shown
in figure 7. Its output contacts are normally open. They become closed when a logic high is applied at
IN1 or IN2.

Figure 7. HL-52S Relay Module
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On the other side of the module, we have these 2 sets of pins. The first one has 4 pins: a ground, a
VCC pin for powering the module, and 2 input pins In1 and In2. The second set of pins has 3 pins with
a jumper between the JDVcc and the Vcc pin.

GreenPAK Design

The SLG46621V GreenPAK IC has been used to design the 3-phase power generator protection
algorithm in GreenPAK software. There are six inputs that have been taken from the line side and
ground side of the power generator using the current transformers. The block diagram representation
of GreenPAK design is shown in Fig 8.
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Figure 8. Block diagram of GreenPAK design

In matrix 0 of the GreenPAK design, for phase A, the outputs from CT1 and CT4 have been processed
to check whether the current in each case is greater than 1.2A or not. If it is greater than 1.2A then
a high logic level is sent to the look up table, otherwise a low is sent to the look up table. The look up
table is an OR gate. Moreover, the output of the OR gate is then sent to an output pin P1. In matrix
1, the same procedure is applied for phase B (CT2 and CT5) and phase C (CT3 and CT6). The results
from each phase are then fed to a three input OR gate. The output of that OR gate is then connected
to the HL-52S relay modules that are connected to ground and line sides of the generator. The relay
module contacts remain open when a low logic is applied at its digital input, but when a logic high is
applied to its input terminals then its output terminals are closed. Thus, the generator supplies power
to the load when a logic high is applied at IN1 (Closed circuit) and it is taken out of power system
(Open circuit) when a logic low is applied at IN1. An inverter between each relay module and OR gate
output has been used to achieve this logic. The HL-52S module opens its contacts during fault
conditions. The OR gate output is also connected to the piezoelectric buzzer for the indication of alarm
during fault conditions. The GreenPAK design schematic is shown in figures 9, 10.
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Figure 10. Power Generator Protection (Matrix 1)

There are three different cases that arise in the protection of 3-phase power generator and they are
discussed below.
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Case No. 1: No fault
Figures 11 and 12 represent the no fault situation.
Case No.2: External fault

When an external fault, beyond the line and ground side CTs is added, the 3-phase current and voltage
waveforms are shown in figures 13, 14, 15, and 16. It can be observed that the power generator
protection is insensitive to external faults i.e. it does not provide any trip signal to the circuit breaker.

Case No.3: Internal Fault

When an internal fault between the ground and line side CTs is added, the 3-phase current and voltage
waveforms are shown in figures 17, 18, 19, and 20. When an internal fault occurred, the current
difference is greater than 0.2 and the relay energized. The generator has been taken out of power
system. Thus, the voltage and current waveforms are zero in this case.
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Conclusion

In this application note, we designed the 3-phase power generator protection scheme using the
GreenPAK SLG46621V as the main controlling element. The designed algorithm is smart enough to
detect and isolate the power generator from the power system during fault conditions. It allows the
generator to remain in the power system when there is no fault. The design can be further improved
by adding backup protection schemes. The backup protection of a power generator could include
overcurrent relay, low forward power protection, reverse power protection, and pole slip protection.
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