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8.1. Introduction

A diesel generator is the combination of a diesel engine with an electrical generator (often called an alternator) to generate electric energy. Diesel generating sets are used in places without connection to the power grid or as emergency power-supply if the grid fails. Small portable diesel generators range from about 1 kVA to 10 kVA may be used as power supplies on construction sites, or as auxiliary power for vehicles such as mobile homes.

8.1.1. Description and working of DG set :

Diesel engine is the prime mover, which drives an alternator to produce electrical energy. In the diesel engine, air is drawn into the cylinder and is compressed to a high ratio (14:1 to 25:1).During this compression, the air is heated to a temperature of 700–900°C. A metered quantity of diesel fuel is then injected into the cylinder, which ignites spontaneously because of the high temperature. Hence, the diesel engine is also known as compression ignition (CI) engine. DG set can be classified according to cycle type as: two stroke and four stroke. However, the bulk of IC engines use the four stroke cycle. Let us look at the principle of operation of the four-stroke diesel engine. 
Advantages of adopting Diesel Power Plants are:
 
1) Low installation cost 
2) Short delivery periods and installation period
3) Higher efficiency (as high as 43 – 45 %)
4) More efficient plant performance under part loads
Diesel engines have a number of Positive Factors: 
1) Engine life for liquid-cooled 1800 rpm engines can approach 20,000 hours if properly serviced depending on the application and environment compared to 5-6000 hours on industrial quality water-cooled engine gaseous gensets; 

2) Even 3600rpm diesel engines normally have a 10,000 to 12,000 hour life expectancy with proper maintenance and service under most conditions; 

3) Diesel engines are less expensive to operate. The general rule of thumb for fuel consumption is 7% of the rated generator output (Example: 20kw x 7% = 1.4 gallon per hour at full load). Diesel generators are designed for off-road applications and can operate on dyed or farm-construction diesel fuel which is sold without the road tax and thus is considerably cheaper to purchase;

4) Diesel engines are designed to work under a load for long periods of time and perform better when worked rather than operated under light loads;

5) Diesel engines can operate in very cold conditions with fuel additive;

6) Diesel engines and fuel are safer to operate because of the high flash point of diesel fuel - it is even difficult to start a fire with diesel fuel; 

7) Diesel fuel is easier to obtain during a disaster because it is a necessary fuel for the military, trucking industry, and farming operations; 

8) Diesel gensets are competitively priced for a comparative sized water-cooled gaseous models with the same features; and 

9) The cost of owning a diesel generator system where usage is high is much lower over the long run than gaseous gensets. 

Negative Factors to consider with diesel engines: 

1) Engine noise is usually higher on a diesel compared to a gaseous engine. The use of a properly designed enclosure and sound attenuation system is more critical on a diesel engine system; 

2) A diesel engine is subject to "wet stacking" or over fueling if run for long periods of time with ultra light loads (less than 40% of the rated output). "Wet Stacking" causes the engine to smoke and run rough because the injectors become carbonized. Running a heavy load will usually clean up the over-fuel condition and allow the engine to perform properly. Diesel engines operate better and more fuel efficient when loaded (70-80% of the rated output is optimum); 

3) In sensitive emission areas in some states diesel engines are prohibited from operating over a prescribed number of hours per year to help reduce pollution levels; 

4) Diesel engines require clean moisture free fuel and a bit more maintenance than a comparable gaseous unit; 

5) Diesel fuel storage must be considered relative to required run time in your geographical area. If you live in a severe weather area or are off-grid and use generator power as your utility you might need a large fuel tank due to the possibility of extended generator power usage. Some cities and counties require the generator on-board fuel tanks to be double-wall containment type, which can increase the cost of the generator system. Normally, a trailer mounted generator is exempt from these fuel tank requirements. You need to check with your local planning department for these requirements; 

6) Diesel gensets are typically heavier and require more planning to load and unload than a lightweight gaseous genset; and 

(Reference:http://www.allworlddieselgen.com/faq.htm(ALL WORLD DIESEL GENERATOR)

8.2.  Four Stroke Diesel Engine 

DG set can be classified according to cycle type as: two stroke and four stroke. However, the bulk of IC engines use the four stroke cycle. Let us look at the principle of operation of the four-stroke diesel engine. The 4 stroke operations in a diesel engine are: induction stroke, compression stroke, ignition and power stroke and exhaust stroke. 

1) Induction stroke - while the inlet valve is open, the descending piston draws in fresh air. 

2) Compression stroke - while the valves are closed, the air is compressed to a pressure of up to 25 bar. 

3) Ignition and power stroke - fuel is injected, while the valves are closed (fuel injection actually starts at the end of the previous stroke), the fuel ignites spontaneously and the piston is forced downwards by the combustion gases. 

4) Exhaust stroke - the exhaust valve is open and the rising piston discharges the spent gases from the cylinder.
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Fig 8.1. Schematic diagram of four stroke diesel engine

Since power is developed during only one stroke, the single cylinder four-stroke engine has a low degree of uniformity. Smoother running is obtained with multi cylinder engines because the cranks are staggered in relation to one another on the crankshaft. There are many variations of engine configuration, for example. 4 or 6 cylinder, in-line, horizontally opposed, vee or radial configurations.
8.2.1. DG Set as a System 
A diesel generating set should be considered as a system since its successful operation depends on the well-matched performance of the components, namely: 

a) The diesel engine and its accessories. 

b) The AC Generator. 

c) The control systems and switchgear. 

d) The foundation and power house civil works. 

e) The connected load with its own components like heating, motor drives, lighting etc. 

It is necessary to select the components with highest efficiency and operate them at their optimum efficiency levels to conserve energy in this system.
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Fig 8.2.  DG Set System

8.2.2. How to select an engine
Several factors need to be considered before selecting an engine for a specific operation. Power and speed are the two main factors which are to be decided first. The power requirement is determined by the maximum load. The engine power rating should be 10-20 % more than the power demand by the end use. This prevents overloading the machine by absorbing extra load during starting of motors or switching of some types of lighting systems or when wear and tear on the equipment pushes up its power consumption. Speed is measured at the output shaft and given in revolutions per minute (RPM). An engine will operate over a range of speeds, with diesel engines typically running at lower speeds (1300 - 3000 RPM). There will be an optimum speed at which fuel efficiency will be greatest. Engines should be run as closely as possible to their rated speed to avoid poor efficiency and to prevent build up of engine deposits due to incomplete combustion - which will lead to higher maintenance and running costs. To determine the speed requirement of an engine, one has to again look at the requirement of the load.

There are various other factors that have to be considered, when choosing an engine for a given application. These include the following: cooling system, abnormal environmental conditions (dust, dirt, etc.), fuel quality, speed governing (fixed or variable speed), poor maintenance, control system, starting equipment, drive type, ambient temperature, altitude, humidity, etc. Suppliers or manufacturers literature will specify the required information when purchasing an engine. The efficiency of an engine depends on various factors, for example, load factor (percentage of full load), engine size, and engine type. 

8.2.3. Diesel Generator Captive Power Plants 
Diesel engine power plants are most frequently used in small power (captive non-utility) systems. The main reason for their extensive use is the higher efficiency of the diesel engines compared with gas turbines and small steam turbines in the output range considered. In applications requiring low captive power, without much requirement of process steam, the ideal method of power generation would be by installing diesel generator plants. The fuels burnt in diesel engines range from light distillates to residual fuel oils. Most frequently used diesel engine sizes are between the range 4 to 15 MW. For continuous operation, low speed diesel engine is more cost-effective than high speed diesel engine.
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Table 8.1. Comparison of different types of captive power plants
8.3. Selection and installation factors 
Sizing of a GENSET:

(a) If the DG set is required for 100% standby, then the entire connected load in HP / kVA should be added. After finding out the diversity factor, the correct capacity of a DG set can be found out. 

Example : 
Connected Load = 650 kW 

Diversity Factor = 0.54 (Demand / Connected load) 

Max. Demand = 650 x 0.54 = 350 kW 

% Loading = 70 

Set rating = 350/0.7 = 500 kW 

At 0.8 PF, rating = 625 kVA 

(b) Recording of current, voltage and power factor readings at the main busbar at every half an hour for a period of 2 to 3 days  should be recorded for an existing installation.

For existing installation: 

kVA = √ 3 V I 

kVA Rating = kVA / Load Factor 

where Load factor = Average kVA / Maximum kVA

(c) For a new installation, an approximate method of estimating the capacity of a DG set is to add full load currents of all the proposed loads to be run in DG set. Then, applying a diversity factor depending on the industry, process involved and guidelines obtained from other similar units, correct capacity can be arrived at. 

(d) High speed engine and slow/medium speed engine
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Table 8.2. Specifications from manufactures
Capacity Combinations 
From the point of view of space, operation, maintenance and initial capital investment, it is certainly economical to go in for one large DG set than two or more DG sets in parallel. Two or more DG sets running in parallel can be a advantage as only the short-fall in power depending upon the extent of power cut prevailing - needs to filled up. Also, flexibility of operation is increased since one DG set can be stopped, while the other DG set is generating at least 50% of the power requirement. Another advantage is that one DG set can become 100% standby during lean and low power-cut periods. 

Air Cooling Vs. Water Cooling 
The general feeling has been that a water cooled DG set is better than an air cooled set, as most users are worried about the overheating of engines during summer months. This is to some extent is true and precautions have to be taken to ensure that the cooling water temperature does not exceed the prescribed limits. However, from performance and maintenance point of view, water and air cooled sets are equally good except that proper care should be taken to ensure cross ventilation so that as much cool air as possible is circulated through the radiator to keep its cooling water temperature within limits. While, it may be possible to have air cooled engines in the lower capacities, it will be necessary to go in for water cooled engines in larger capacities to ensure that the engine does not get over-heated during summer months. 

Safety Features 
It is advisable to have short circuit, over load and earth fault protection on all the DG sets. However, in case of smaller capacity DG sets, this may become uneconomical. Hence, it is strongly recommended to install a circuit protection. Other safety equipment like high temperature, low lube oil pressure cut-outs should be provided, so that in the event of any of these abnormalities, the engine would stop and prevent damage. It is also essential to provide reverse power relay when DG sets are to run in parallel to avoid back feeding from one alternator to another. 

Parallel Operation with Grid 
Running the DG set in parallel with the mains from the supply undertakings can be done in consultation with concerned electricity authorities. However, some supply undertakings ask the consumer to give an undertaking that the DG set will not be run in parallel with their supply. The reasons stated are that the grid is an infinite bus and paralleling a small capacity DG set would involve operational risks despite normal protections like reverse power relay, voltage and frequency relays. 

Maximum Single Load on DG Set 
The starting current of squirrel cage induction motors is as much as six times the rated current for a few seconds with direct-on-line starters. In practice, it has been found that the starting current value should not exceed 200 % of the full load capacity of the alternator. The voltage and frequency throughout the motor starting interval recovers and reaches rated values usually much before the motor has picked up full speed. 

In general, the HP of the largest motor that can be started with direct on line starting is about 50 % of the kVA rating of the generating set. On the other hand, the capacity of the induction motor can be increased, if the type of starting is changed over to star delta or to auto transformer starter, and with this starting the HP of the largest motor can be upto 75 % of the kVA of Genset. 

Unbalanced Load Effects 
It is always recommended to have the load as much balanced as possible, since unbalanced loads can cause heating of the alternator, which may result in unbalanced output voltages. The maximum unbalanced load between phases should not exceed 10 % of the capacity of the generating sets. 

Neutral Earthing 
The electricity rules clearly specify that two independent earths to the body and neutral should be provided to give adequate protection to the equipment in case of an earth fault, and also to drain away any leakage of potential from the equipment to the earth for safe working. 

Site Condition Effects on Performance Derating 
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Table 8.3. Altitude and intake temperature corrections

[image: image6.emf]
Table 8.4. Derating due to inter cooler water inlet temperature

(Reference: BEE materials)
8.4. Operational Factors
8.4.1. Fine tune of the DG set output parameters 

1) Firstly the motor load survey in our industry indicates the motors are loaded between 50 to 80 % (except the utility compressor motor which goes above 100 % at times. That too, the user reduces the CA discharge pressure and brings down the loaded KW less than FL rating of motor). Hence considering majority of load mechanisms, the loading and utilization is averaged around 70%, it is wise to operate the DG set so as to get at 400 – 405 volts instead of 415 -420 volts at heavy load end motor terminals at the plant. This gives instant savings in Diesel and without compromising the loading levels.

2) Also majority of loads like pumps, fans and compressors etc are centrifugal type and that too not loaded fully. Here it is wise to reduce the DG set frequency from 50 Hz + to 48.5 Hz + after studying all the loads into consideration. Again instant savings in Diesel from day 1 is possible. The overall volt & Hz optimization is done after taking into account of the instant & average values of the loading pattern of macro sum of machines as well as the individual motor loading is assessed.

3) The DG set is rated by KVA only and hence how much KVA we can take from the DG set is the focus point now. The power factor of the electrical system depends upon the nature of characteristics of the load. If the load ends are compensated so that an average of 0.8 to 0.9 max at the load end, then we can efficiently make use of the DG set.

4)  We have to see to it that the PF is around 0.8. If the PF of load is less than 0.8 PF, alternator gets overloaded and the energy losses thro the alternator increases. If PF of load is more than 0.8 PF the engine gets overloaded. Hence operating the DG set at low PF increases the alternator losses.
5) Hence to have control over the DG output in terms of KVA, KW, and the PF, automation of DG set energy parameters is one of the ways to take the best of the genset. So the Maximum Demand Controller MDC if retrofitted to the existing genset then, it will cap the max demand from the load to the genset.

6) The user can think of replacing ordinary KWH meter in his gen set with this MDC which gives KVAH, KWH, and average PF and this not only acts to monitor but also control the max KVA demanded by the load automatically.

7) And either the existing APFC is to be made to Dual set point type like 0.8 PF for DG utility and 0.99 for EB utility can be made use of or separately retrofit the Automatic Power Factor controller to the gen set system and the above two retrofits ensure the gen set is put to efficiently supply to load. This can be decided after taking the above KVAH, KWH readings etc.

8) The above standard APFC is talked about provided our gen set feeds only to the linear electrical loads. If the loads are non linear, then first step is to arrest the non-linearity say harmonics at the load end at least attenuate the harmonic levels. Then the capacitors at the APFC are added with reactor coupled harmonic detuned filters so that they do not amplify the harmonic current & volts and not to act as danger to the gen set. House arresting harmonics at its source, the load end is important.
(Reference: www.energymeasuretosave.com)

8.4.2. Load Pattern & DG Set Capacity 

The average load can be easily accessed by logging the current drawn at the main switchboard on an average day. The ‘over load’ has a different meaning when referred to the D.G. set. Overloads, which appear insignificant and harmless on electricity board supply, may become detrimental to a D.G. set, and hence overload on D.G. set should be carefully analysed. Diesel engines are designed for 10% overload for 1 hour in every 12 hours of operation. The A.C. generators are designed to meet 50% overload for 15 seconds as specified by standards. The D.G. set/s selection should be such that the overloads are within the above specified limits. It would be ideal to connect steady loads on DG set to ensure good performance. Alongside alternator loading, the engine loading in terms of kW or BHP, needs to be maintained above 50%. Ideally, the engine and alternator loading conditions are both to be achieved towards high efficiency. Engine manufacturers offer curves indicating % Engine Loading vs fuel Consumption in grams/BHP. Optimal engine loading corresponding to best operating point is desirable for energy efficiency. Alternators are sized for KVA rating with highest efficiency attainable at a loading of around 70% and more. Manufacturer’s curves can be referred to for best efficiency point and corresponding kW and KVA loading values. 

Sequencing of Loads 
The captive diesel generating set has certain limits in handling the transient loads. This applies to both kW (as reflected on the engine) and kVA (as reflected on the generator). In this context, the base load that exists before the application of transient load brings down the transient load handling capability, and in case of A.C. generators, it increases the transient voltage dip. Hence, great care is required in sequencing the load on D.G.set/s. It is advisable to start the load with highest transient kVA first followed by other loads in the descending order of the starting kVA. This will lead to optimum sizing and better utilisation of transient load handling capacity of D.G.set. 

Load Pattern 
In many cases, the load will not be constant throughout the day. If there is substantial variation in load, then consideration should be given for parallel operation of D.G.sets. In such a situation, additional D.G. set(s) are to be switched on when load increases. The typical case may be an establishment demanding substantially different powers in first, 

second and third shifts. By parallel operation, D.G. sets can be run at optimum operating points or near about, for optimum fuel consumption and additionally, flexibility is built into the system. This scheme can be also be applied where loads can be segregated as critical and non-critical loads to provide standby power to critical load in the captive power system. 

Load Characteristics 
Some of the load characteristics influence efficient use of D.G.set. These characteristics are entirely load dependent and cannot be controlled by the D.G.set. The extent of detrimental influence of these characteristics can be reduced in several cases. 

Power Factor: 
The load power factor is entirely dependent on the load. The A.C. generator is designed for the power factor of 0.8 lag as specified by standards. Lower power factor demands higher excitation currents and results in increased losses. Over sizing A.C. generators for operation at lower power factors results in lower operating efficiency and higher costs. The economical alternative is to provide power factor improvement capacitors. 

(Reference: BEE Materials)

8.5. Energy saving measures for DG sets

DG sets can be made more efficient in several ways. These include ensuring steady load conditions on the DG set by avoiding fluctuations and imbalance in phases, providing cold and dust-free air intake, improving air filtration and frequent calibration of fuel injection pumps. It is recommended to have the load balanced since unbalanced loads can cause heating of the alternator, resulting in unbalanced output voltages. The maximum unbalanced load between the phases should not exceed 10 per cent of the generator sets’ capacity. Overloads are also detrimental to a DG set and hence must be carefully analysed. The DG set

selection should be such that overloads remain within the specified permissible limits of 10 per cent for one hour in every 10 hours of operation in the case of diesel engines, and a 50 per cent overload for 15 seconds in the case of AC generators. Further, there are cases where the load is not constant throughout the day. Under such variable load conditions, parallel operations of DG sets can be considered for improved loading. Various capacity combinations are now being utilised to improve the flexibility of the system, as it is viable to stop one DG set while there is another generating at least 50 per cent of the power requirement. Also, during lean and low power cut periods, one DG set can act as a 100 per cent standby. Multiple DG sets can run at optimum operating points for optimum fuel consumption. 
The scheme can also be applied when there are loads that can be segregated as critical and non-critical to provide standby power to critical load in the captive power system. Moreover, these combinations are more economical in terms of space, operation, maintenance and the initial capital investment, when compared to one large DG set. Compliance with manufacturers’ guidelines and oil company stipulations for fuel storage and system handling is also mandatory to improve DG set efficiency. Regular field trials must be carried out to monitor its performance and maintenance.

(Reference: Energy Needs of the Telecom Sector, October 31, 2011, www.telle.net.in)
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Questions:
1)  Briefly explain about the components of DG set system and its applications.
2) Explain briefly the principle of Diesel Generator Set.

3) What is Energy Balance of DG set, explain.

4) What are the different between DG palnt and other plants?
5) What are the energy saving opportunities in Dg plants?
