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SUMMARY
Dispersed generation (DG) in Russia refers mostly to gas-turbine, diesel or gas reciprocating engine generation units installed in the distribution network or factory embedded network. The growth of the DG gives an opportunity to use its potential as an effective supporting measure in the power system emergency control. Capabilities of the DG usage for power line or transformer load relief and voltage regulation at customer buses are considered in the paper. The use of the DG helps to significantly reduce the volume and duration of load-shedding in case of emergency situations in the power system or fully refrain from load-shedding in some cases. At the same time certain specific characteristics of the DG challenge the operation of the power system and should be considered while the DG integration into the power system. Some examples of cases studies concerning the use of gas-turbine, diesel or gas reciprocating engine generation units in emergency control of Moscow power system are given in the paper. Additional technical connection conditions while designing the electrical network with the DG are proposed. The implementation of measures discussed will improve the reliability of power system operation and the quality of customers power supply. 
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Nowadays a significant growth in commissioning of the DG occurs in Russia [1]. Herein the DG mostly refers to the thermal power station with gas-turbine, diesel or gas reciprocating engine generation facilities connected to the distribution network [2, 3]. An intensive development of the DG in Russia is caused by some underlying reasons including the following:

· a realization of electric power potential at thermal consumption by the evolution of cogeneration with the corresponding re-equipment of boiler stations;

· high electricity prices and the ambition of large customers to cut costs of the network and power supply tariff uplift;

· complexity of technical connection to the power system and high additional costs of the electrical network infrastructure modernization required for connecting the new customer;

· power supply backup for sensitive customers, such as life support infrastructure systems (e.g. heat and water supply) and customers with complex technology process, during emergency situations in the power system including the separation of its part for island operation.

The DG operation in the power system implies participation of generation facilities in automatic regime control and system protection scheme (SPS) including frequency control, voltage and reactive power control, and ensuring stability of generators’ synchronous operation after contingencies such as the short circuit, power line outages and others.

As a part of distribution networks of the future that are possessed of the Smart Grid features – self-diagnosis, self-healing and etc. – the DG gives an opportunity to provide reliable power supply in the isolated part of electrical network. Meanwhile operating parameters in the isolated part of the network must be within acceptable range so that to provide duly quality of power supply. This ability is a key element of so called the microGrid concept [4, 5]. 
Nowadays one of widely used type of the SPS command that is considered in the SPS automatics or local devices design is the load-shedding (LS). Though the LS should be used as an exception in case of weak network, it is widely used due to its technical simplicity [6]. Herein some industrial and non-industrial customers claim against network companies for being disconnected by the SPS as a result of outages of network elements, transformer or power line overloads, voltage dips and oth. 
General conditions to achieve above mentioned targets are considered in the paper, which includes the assessment of an ability to use gas-turbine and gas reciprocating engine (GRE) units in the SPS of the power system. In future these conditions will contribute to the development of cogeneration based on boiler stations which include the employment of gas-turbine generators (GTG). A higher cyclic load capability of GTG, as opposed to facilities at large heat power stations with steam cycle, makes it possible to exclude the LS in some cases or significantly reduce the volume of load affected by the SPS and respective duration of outage in case of emergency situation in the power system.
To implement SPS algorithms in the distribution network it is practical to use GTG potential for the following SPS automatics [7]:

· automatic control of power line overload (LOC);

· automatic control of transformer overload (TOC);

· automatic control of voltage reduction (VRC).

Control devices of the first two types refer to automatic control of equipment overload and use different algorithms that account power line and transformer technical characteristics and features.

The SPS automatics discussed in the paper present the evolution of automatic control in the distribution networks. The character of operation of these networks significantly changes due to the integration of the DG and the rise of active customer role. The SPS local devices accomplish the bottom degree in the hierarchy of the automatic control in the power system (SCADA-EMS on the level of HV networks, DMS for MV networks, and Central Autonomous Management Controllers (CAMC), Remote Terminal Units (RTU), Microgrid Central Controllers (MGCC) for LV networks [8]) and provide smartness for system protection scheme in the distribution network with integrated DG.
AUTOMATIC CONTROL OF POWER LINE OVERLOAD

LOC is used to detect and prevent a power line thermal overload that exceeds permissible magnitude and duration by setting and implementing optimal and adequate command to the load relief. LOC automatics has to operate only in unacceptable regimes and shouldn’t reduce power line capacity.
LOC devices in power networks used to comprise only the current measuring element and hence provide the SPS in accordance with the value of electric current. Conductor heating and cooling conditions were not considered for complexity of corresponding parameters determination. Nowadays LOC algorithm takes into account the thermal overload of a power line and provides the SPS according to overheating degree. This is more advanced solution that makes it possible to adjust and finally reduce the volume the SPS commands.
Herein the most progressive and perspective way of overhead line LOC development is a transition from indirect method of the conductor temperature evaluation considering ambient temperature and sun radiation to direct temperature measurements using special sensors. Higher reliability of LOC-T device is stipulated by advanced algorithms of confidence control that permanently compare actual and calculated conductor temperature, as well as an ability to switch to calculated temperature control mode in case of sensor outage or GPS connection loss [9].
The overload of a power line may be rapidly relieved by automatically starting and loading GTG, provided that the load ramp depends on thermal characteristics of network elements. An ability to assure effective emergency relief of overhead lines and underground cables by automatic loading of a mobile gas-turbine power station connected to the substation buses is shown in the project that has been developed for Moscow power system.
Fig.1 shows permissible overload curves for overhead conductor of 110 kV line for two initial conditions: fully loaded and unloaded line. The corresponding duration for a given overload ratio refers to maximum time that is available to start and load GTG. For example overload by 1.25 p.u. is permissible for 15 minutes provided the power line was fully loaded, and overload by 1.63 p.u. is permissible for 5.5 minutes is case of initially unloaded line.

Consider Mobile Pac MP25 unit with FT8-3 gas-generator and PT8 turbine which total nominal capacity is 22.5 MW. This GTG unit can start at 4 possible load ramps (5, 10, 20 and 100 MW per minute). The nominal capacity may be reached in 5.5 minutes at minimum load ramp and in only 74 seconds at maximum load ramp provided the time to start GTG unit is within 1 minute. As we can see in Fig.1 the minimum load ramp of 5 MW per minute provides load relief of overloaded power line if the line current exceeds the initial value by 37-63% [10].

GRE unit is inherently based upon the principle of internal combustion engine. And it is known that an instant load rise of large internal combustion engine that doesn’t overload it nevertheless may overheat the generator and cause its disconnection by technological automatics that is not acceptable. The fact of overheating is caused by compressor rotary inertia that hampers fast increase of air inflate following the power boost (and corresponding raise of fuel injection) [11].
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Fig.1  Duration of the conductor permissible overload.

Technical documentation for GRE units gives permissible load rise curves (see fig 2 as an example). These curves refer to the case of load step ΔР from initial value Р0. Time interval between instant load rises is also limited by 1-2 minutes at minimum. The customer determines the “class” of possible operation while preparing terms of reference for generation facilities order.
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Fig.2  Permissible load rise curves for GRE unit.

It should be noted that load step at multi-shaft GTGs causes instant speed reduction of inflexibly coupled generator and power turbine due to their low inertia. And instant speed reduction of power turbine cause gas-dynamic impulse applied to the gas turbine setting and elements that are connected to the same shaft with the compressor rotating at maximum permanent speed separately from power turbine. This cause significant mechanical stress on discs and last stage blades of gas turbine following the medium pressure increase that may lead to their damage.
The SPS projects should consider the above mentioned features and provide an ability to  use both automatic loading of GRE units or multi-shaft GTG and the LS that is faster to realize. As generation units start and put under load, the customer load may be energized corresponding the value of power provided by generation units. In this case the duration of power outage is shorter that allows to reduce losses.
The LOC projects developed for Moscow power system show the ability to efficiently use the automatic loading of GTG connected to 110 kV substations.
Besides all advantages of LOC by automatic the DG loading it is necessary to consider the following:

· installation of other SPS devices (elements) at adjacent network facilities;

· communication network to change information between facilities;

· interoperability issues and possible integration into future SPS devices;

· cooperation with the control center that operates the corresponding overhead line.

AUTOMATIC CONTROL OF TRANSFORMER OVERLOAD

It should be noted that transformer overload leads to faster insulation degradation and affects transformer service life. But if a transformer is partly loaded than the overload is allowed for a limited duration and degree. 
The target concept of distribution network operating control development implies 35-110 kV substation maintenance with no operating personnel. Taking into account the load growth that outpaces network development it is hard to control and take timely arrangements to  eliminate transformers overload without respective automation. Therefore the number of power transformers that needs TOC automatics rises annually.

Concerning this new approach it is possible to install new or update currently used TOC that will use automatic generation loading instead of the LS in such regions where the generation is directly connected to 6-20 kV networks which becomes typical in Moscow region. An example of the scheme of GRE unit connection to the part of 6 kV distribution network in Moscow power system is shown in fig.3
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Fig.3  The scheme of GRE unit connection to a part of 6 kV distribution network.

AUTOMATIC CONTROL OF VOLTAGE REDUCTION 
DG facilities are based on generation units of small capacity, but recently units of middle range capacity are used which enlarges herewith the possibility of voltage control in electric network by using the DG as a synchronous generator. For better effect in a local network area it is possible to use the control point voltage value as a feedback of the generator’s automatic voltage regulator. This function will allow to either exclude the LS as a VRC control command or to minimize the volume of LS.

At the same time it is necessary to modernize existing VRC devices providing firstly the following control commands:

· generation active power unloading to boost reactive power generation so to raise voltage at the adjacent network and preserve the current constraint;

· switching to synchronous generator mode, provided this regime is accepted by manufacturer.

The calculation has shown that the area of effective active power generation unloading in the distribution network is characterized by the following features:

· the maximum effect of unloading is met at 20-50% range;

· the unloading is effective if the voltage drops by 5-10% and more.

However the possibility of generators unloading is limited by the current growth in the supplying network. Herein the current growth is steady and the deeper is the unloading, the more is the power flow from external network to the customer.

At the same time the voltage-regulating effect of customer load has certain influence upon the effect of generation active power unloading. The voltage raise due to generation unloading cause active power consumption growth, thus reducing the effect of generation unloading. That is why in regions with industrial customers that have slight voltage-regulating effect of load, as opposed to domestic load, the effect of local generation unloading is higher.

Fig.4 shows permissible load increase versus generation active power unloading characteristic.
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Fig.4  Permissible load versus generation active power unloading.

As a rule DG facilities that are commissioned nowadays in Russia are not equipped by manufacturers with the necessary automatics. That is why it is required to implement as a minimum the following measures to achieve above mentioned abilities:

· fully automation of the generation facility start-up process trigged by the external command;

· delivery of discrete and digital information to local SPS devices and/or to hierarchal SPS systems;

· calculation of the power governor settings of generation facilities so that to provide load ramp in accordance with power line and/or transformer load relieve.

AUTOMATIC SEPARATION CONTROL
Settings of the automatic separation control that provide a power station islanding to supply adjacent consumers or/and auxiliaries in case of emergency situation in the power system should correspond to characteristics of generation facilities and large consumers in the area concerned.

The under-frequency separation control is traditionally used first of all in case of slow frequency decrease while voltage level is maintained within permissible range. Such kind of process happens in case of emergency power deficit in the power system or some significant part of the system. The value of power deficit is usually not too large even in case of large power station trip.

The other possible scenario of the emergency in the power system relates to the separation of small region which own power deficit may be too big. In such case significant voltage dip occurs as a usual, both large LS that positively effects the emergency process and voltage collapse that affects power station and consumers operation may happen. In such scenario a large power deficit and the generation unloading may lead to emergency propagation with no frequency decrease but even with frequency raise. Consequently the under-frequency separation control is not effective in such case [12]. It is necessary to develop the SPS that covers possible events of the power station islanding with the local load. 
It should be noted that in normal regime the reactive load is supplied from external network in case of low generator voltage (UG_min) and from generator – in case of high generator voltage (UG_max) as shown in fig. 5. The relationship between initial voltage drop ΔU and steady state frequency value (disregarding under-frequency automatics) on the one hand and initial generator’s reactive power, i.e. its excitement, from the other hand is shown in fig. 6.
[image: image5.png]Q
Q network % network

U Gnom

Generator Generator Generator




Fig.5  Reactive load supply in normal regime: 
a) initial scheme; b) high generator voltage; c) low generator voltage.

In case of network failures with no frequency reduction but unacceptable voltage reduction it may be efficient to separate the power plant for island operation with balanced load by low-voltage automatic separation (LVS). Though the necessity of using the LVS is not yet regulated by standards or technical requirements, it is adequate in the following cases:
· calculations have determined the possibility of voltage collapse for certain outages;
· the performance of the LVS is fast enough to maintain stability of sensitive customers operation in the separated island;
· the volume of the LS provided by the LVS in a certain outage is lower than in case of non-usage of the LVS.
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Fig.6  Dependence of initial regime and separation process from generator excitation.

The usage of the LVS is associated with problems caused by the necessity to tune settings of the LVS automatics out of momentary voltage dips that occur during the short circuit, and reclosing automatics, however the voltage collapse develops rather fast. A detailed analysis of load characteristics in the separated island is needed to determine optimal LVS automatics settings and the area of efficient LVS usage. Such analysis should include transient process modeling that considers the exact parameters of generation and load, and protection devices settings in the island.
USE CASES AND FINDINGS
The experience of the DG integration into the power system of Moscow region has indicated some significant technical problems caused by the construction of such generation facilities that hamper the use of the DG capabilities for above mentioned purposes. The employment of modern generation units of small and middle range capacity is associated with certain problems that are significant to both generation owners and distribution network utilities. Lets’ consider further the main problems.

1.
There are facts of generator mechanical damages because of electromagnetic impact torques that occur during the short circuit in the network concerned.

2.
Significant part of generation units (GRE and diesel generation units, GTG with split shaft units) is characterized by much lower moment of inertia as opposed to traditional steam generators. As a result it is difficult to secure dynamic stability, and transition to asynchronous regime may affect consumers that are connected close to the DG facilities.

3.
Protection settings at generation units, particularly GRE and diesel generation units, set by manufacturers sometimes lead to generation trip with no threat of mechanical or thermal damage. Sudden generation trip may lead to cascading outage especially at maximum load conditions in the network.

4.
Some generation units have speed control problems in both synchronous operation in the network and autonomous operation with no connection to the power system. The switching indicator is not a good solution.

It is necessary to solve the above mentioned problems to provide successful participation of the DG in the SPS. Furthermore to adequately realize the DG potential it is necessary to provide an ability of island-mode operation of generation facilities with the balanced load of island region or large customer and an ability of automatic resynchronization with the power system.

CONCLUSIONS

1. The DG integration that is characterized nowadays by installation of the GTG and GRE units mainly near industrial customers, and further associated with the evolution of the cogeneration based on boiler stations, significantly changes the role of distribution networks  in the power system.
2. The use of advanced automatic monitoring and control systems in the electric network males possible to pose and solve the new problem of regime and emergency control development which includes the local level of automatics.
3. To provide high reliability of the power system operation and minimize volume and duration of the LS or completely exclude this SPS command, it is reasonable:
· to provide LOC or/and TOC command to automatically start and load GTG and GRE units that are integrated into the power system;

· in most cases of VRC projects consider the possibility of generation active power unloading and increase of reactive power generation or switching to synchronous generator mode if such regime is technically acceptable.

4. To increase an efficiency of the SPS it is necessary to contribute to the solution of problems concerned, and provide fully automatic start-up of the DG units, and calculate settings of the power governor and realize the ability to receive the SPS commands at the power station control device.

5. The approach of providing technical conditions for the DG integration into the power system and the use of its potential for emergency control meets modern task of building the Smart Grid.
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