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Abstract:

 Incentives, such as the Feed-in-tariff are expected to lead to continuous increase in the deployment of Small Scale Embedded Generation (SSEG) in the distribution network. Self-Excited Induction Generators (SEIG) represent a significant segment of potential SSEG. The quality of SEIG output voltage magnitude and frequency is investigated in this paper to support the SEIG operation for different network operating conditions. The dynamic behaviour of the SEIG resulting from disconnection, reconnection from/to the grid and potential operation in islanding mode is studied in detail. The local load and reactive power supply are the key factors that determine the SEIG performance, as they have significant influence on the voltage and frequency change after disconnection from the grid. Hence, the aim of this work is to idengify the optimum combination of the reactive power supply (essential for self excitation of the SEIG) and the active load (essential for balancing power generation and demand). This is required in order to support the SEIG operation after disconnection from the grid, during islanding and reconnection to the grid. The results show that the generator voltage and speed (frequency) can be controlled and maintained within the statuary limits. This will enable safe disconnection and reconnection of the SEIG from/to the grid and makes it easier to operate in islanding mode.
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1. Introduction

World energy use increased more than tenfold over the 20th century, predominately from fossil fuels and this is estimated to increase by 60% by 2030 [1]. Increased price of energy resources and concerns regarding climate change and the need to limit greenhouse gas emissions are driving energy policy makers towards improved energy efficiency and renewable energy sources. The integration of renewable energy sources into the grid brings with it technical, economical and social barriers to be bridged [2]. The Self-Excited Induction Generations (SEIG) represents a significant segment of the potential Small Scale Embedded Generation (SSEG). It is the most cost effective machine for applications in the Medium Voltage (MV) and Low Voltage (LV) Distribution Network (DN). This is due to its merits such as low cost, simple construction, low maintenance requirements and inherent overload capability. As the induction generator does not have a separate field winding, a capacitor bank (connected in parallel with the generator) is needed to build up the terminal voltage. Under present UK distribution network code, the EG would shut down by either the “G59/1” [3] protection located on the SSEG interface protection [4], or by an inter-tripping signal originating at the circuit breaker tripping on fault. The G59/1 protection to prevent islanding typically includes under/over voltage, under/over frequency and loss of mains. The key issues behind preventing islanding in the distribution network are: the island may not be able to maintain the frequency and voltage within the statutory limits; possibilities of an unearthed neutral in the islanded network and absence of synchronising equipment. The main difficulty of SEIG is the lack of ability to control the machine terminal voltage and frequency under un-predicted load and speed conditions, such as disconnection/reconnection to the grid or when it operates in an islanding mode.

The literature available in the area of SEIG is focused on three main areas. The first is the characteristics of the isolated self-excited operation of the induction generators [5–7]. The second area is the selection of the capacitance required for self-excitation and build up of the machine terminal voltage. This has been addressed for two different topologies; a fixed capacitor connected in shunt or in series with the machine stator winding [8–10] or a reactive power compensator connected across the machine terminals [11,12]. The reactive power is controlled to support the machine terminal voltage against load variations. The third area studied is the control of ballast load connected to the IG busbar in order to compensate the variations of the main customer loads [13–15]. In this case, the required reactive power is obtained by connecting fixed capacitors across the SEIG stator terminals.

The aforementioned research is focused on the SEIG operation in standalone mode with respect to load variation. The work presented in [16,17] discusses the SEIG islanding operation under random settings of the local active and reactive load. There has been some interesting research published recently concerning the impacts of wind generation on the power grid and its stability [18–20]. However, there is no research published on the dynamic performance and the exact contribution of the active and reactive load to both voltage and frequency variations during disconnection/reconnection events and islanding of the SEIG. The focus of this paper is to analyse the effect of local active and reactive power control on the SEIG during disconnection/reconnection and islanding operation in order to define the optimum conditions for the SEIG. The optimum setting eliminates the risks of violating the frequency and voltage limits that are usually associated with islanding and disconnection/reconnection of the SEIG in power networks.

The analysis presented in this paper attempts to define the available operating regions, boundaries and limits for the induction generator and potential schemes to support the generator stable operation, such as demand side management. This analysis should help designers of wind energy conversion systems, whether using conventional or new power electronic converters based technologies to exploit the full possible stable operating range of the system.

The methodology implemented in this research is to use the steady-state analysis of the SEIG to idengify various parameters affecting its performance under different operating conditions. These parameters are then used to analyse the SEIG “dynamic” operation during the transition from one steady-state to another; e.g., from grid connection (where the balance of active and reactive power is supported by the grid) to another state where the SEIG and its local demand and resources have to be self-sufficient.



2. Induction Generator System Analysis

The single-phase equivalent circuit of a 2-pole induction generator is shown in Figure 1:

Figure 1. Single phase equivalent circuit of the IG system.
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where:




	Rr,Lr
	Rotor resistance and leakage inductance



	Lm
	Magnetizing inductance



	Rm
	Core loss Resistance



	Rs,Ls
	Stator resistance and leakage inductance



	C
	Excitation capacitance



	R
	Load resistance



	Ω,F
	Speed and Frequency in radian per second





In order to simplify the analysis, the series/parallel impedances of the IG model and load circuit shown in Figure 1 (boxes A and C, respectively) are converted to their parallel/series equivalent impedances. This results in the simplified circuit shown in Figure 2. The rotor parallel circuit parameters of the IG marked in box A are given as [5]:

Figure 2. Simplified load side circuit.
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(1)
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(2)




And the load series circuit parameters (resistance and excitation capacitance, marked in box C) are given as [5]:
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(3)
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(4)




Hence, the machine equivalent circuit is given as:
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(5)




The parallel equivalent impedance for the circuit is shown in Figure 3 and is described as follows:

Figure 3. Equivalent stator and load circuit.
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(6)
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(7)




In order to provide excitation current, Equation (7) must be capacitive reactance. The equivalent of the machine terminal resistance defined in Equation (6) and the core losses can be modelled by Req as shown in Figure 4.

Figure 4. Model of induction machine.
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(8)




Under steady-state operation of the IG, the stator current cannot be zero. With reference to Figure 4, the following two Equations are valid:
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(9)
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(10)




Substituting from Equation (1) into Equation (9) yields:
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(11)




Hence:
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(12)




Re-arranging Equation (10) yields:
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(13)




The magnetizing characteristic of the induction machine can be approximated in the area of saturation as follows [14]:
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(14)




where, b and k are constants:
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(15)




Substituting for Lp, Ceq, Lm and im from Equations (2), (7), (13) and (14) respectively into Equation (15) yields:
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(16)




From Equations (12) and (16), it is clear that both the SEIG frequency and voltage depend on three elements which are speed, excitation capacitance and the load impedance. The induction generator is widely used in wind energy conversion systems, where the rotational speed is variable and dependent on the wind speed. Consequently, the wind speed is assumed to be an independent uncontrollable variable. Thus, both excitation capacitance and load impedance may be used to regulate the IG voltage and frequency in particular during islanding or the transient period during disconnection/reconnection of the SEIG from/to the grid.



3. Selection of Optimum Operation of the IG

From the analysis described in Section 2, Equations (12) and (16) can be solved numerically at the steady state operating points of load impedance and speed to compute the magnetizing inductance and the machine terminal voltage and frequency. Once the load is changed, the machine voltage magnitude and frequency (speed) will vary accordingly. Also, when the IG is connected/disconnected to/from the grid, it experiences a significant variation in terminal voltage magnitude and frequency if it does not have the right combination of self excited capacitance and local load. In this section, the optimum match between the excitation capacitance and local load will be idengified in order to minimize the change in voltage and frequency in order to ensure the smooth operation of the IG during reconnection to the grid or when operating in isolation from the grid.

A three-phase IG (specification: 2.3 kVA, 230 V, 50 Hz, Rs = 1.115 Ω, Ls = 0.005974 H, Rr = 1.083 Ω, Lr = 0.005974 H, Lm = 0.2037 H, Inertia = 2 × 10−4) was considered to investigate the dynamic performance of the IG and determine the optimum values for local load and excitation capacitance. A MATLAB/SimPowerSystem model was used to analyse the IG performance as shown in Figure 5.

Figure 5. IG grid connected mode.
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Variation of the IG terminal voltage for different local loads at different ratings of the shunt excitation capacitance (represented as a percentage of the machine rating) is shown in Figure 6. It is seen that for fixed excitation capacitance the terminal voltage decreased with the increase of the local load active power. If the machine is under-loaded to a small fraction of its rating, the terminal voltage will be very large. This would normally trigger the over-voltage protection scheme to switch the machine off. Also, it is worth noting that with excitation capacitance less than approximately 30% of the machine rating, the terminal voltage will never reach its rated value (1.0 pu) irrespective of the value of the active load. If the machine is disconnected from the grid while overloaded, the terminal voltage may drop to a value that would trigger the under-voltage protection (depending on the excitation level). Figure 6 shows that it is possible to keep the terminal voltage within the standard limits (+10%, −6% for the low-voltage distribution system), for a wide range of IG loading if the excitation is appropriately controlled between 0.4 pu and 0.6 pu

Figure 6. Variation of terminal voltage with active and reactive load.
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Similarly, variation of the machine speed (frequency of the generated voltage) with the local load power at different excitation capacitance is shown in Figure 7. It is clear that for a fixed excitation capacitance, the machine speed (frequency) increases with the increase of local load power. If the machine is lightly loaded and the excitation capacitance is too high, its speed drops and the machine may stall. This would trigger the under-speed protection. As noticed in Figure 7, when the excitation capacitance is low (less than approximately 30% of the machine rating), the machine speed will always be above the rated value (1 pu) irrespective of the value of the active load. If the machine is islanded while overloaded, the machine speed will abruptly increases and may trigger the over-speed protection. Also, examining the curves shown in Figure 7 (of local load power for various excitation capacitance within the standard speed limits), show that it is possible to keep the speed (and hence the frequency of generated voltage) within acceptable limits for a wide range of load variations if the excitation is controlled in the range 0.3–0.6 pu

Figure 7. Variation of speed with active and reactive load.
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Optimum Operating Point

The operating point of the IG when it is connected to the grid is not affected by the local load and the excitation capacitance. Any difference in the active or reactive power between local generation and demand will be balanced by the grid. However, when the IG is islanded or disconnected/reconnected from/to the grid, the machine performance is largely determined by the local active/reactive load. Based on the above analysis, the following section attempts to define the optimum matching of active/reactive load for the IG to enable a stable operation.

The operating points of the IG to produce terminal voltage magnitude and frequency (as defined in Figures 6 and 7, respectively) within the acceptable standard, are redrawn in Figure 8a. It is clear from this figure that there is only one operating point at which the IG will run at optimal values for both voltage and speed (frequency). This point is the intersection between the two curves defined as 1 pu voltage and 1 pu speed. The operating point represented by 0.8473 pu for local load active power and 0.5081 pu for local load reactive power (excitation capacitance) is the optimum active/reactive load for the induction generator to operate at. Figure 8b shows the feasible operating area for the IG machine when the terminal voltage is limited within the boundary of the standards (+10%, −6%) and the machine speed is limited to ±1%. It is clear that the IG machine can operate satisfactorily if the local active load is controlled between 0.71 pu and 0.99 pu and the reactive power excitation is regulated between 0.46 pu and 0.57 pu If the speed limit is relaxed to ±5% (for example, in case of a grid fault or emergency), the feasible operating area increases significantly, as shown in Figure 8c.

Figure 8. Feasible operating point and area, (a) Optimum active and reactive load; (b) speed limited to 1% and (c) speed limited to 5%.
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4. System Simulation

The purpose of the simulation conducted in this section is to verify the proposed concept of the optimum local active/reactive power control of the IG. This is to enhance the dynamic operation of the IG during disconnection/reconnection from/to the grid as well as during operation in islanding mode. The system shown in Figure 5 was used in the simulation. The impacts of different load combinations on the optimum operating point during islanding and reconnecting the IG to the grid are considered. To simplify the analysis presented in the following sections, the wind speed is assumed to be constant. However, as the controller can be designed to have a fast time response (faster than the wind speed variation), it will respond equally well for variable wind speed, as shown below.


4.1. Islanding of IG from the Grid


4.1.1. Open Loop Investigation

Scenario 1: The IG is disconnected without local active/reactive load. In this case the machine would not be able to continue its operation in this islanding mode; once it loses its local active and reactive loads and the support from the grid, the protection scheme is triggered to switch it off.

Scenario 2: As shown in Section 3, the IG needs capacitive support of at least one third of its rating to build up the nominal terminal voltage. Therefore, in this scenario, the IG is disconnected from the grid with a terminal capacitor equal to 40% of the machine rating. The presence of the reactive source causes self-excitation and consequently the generator terminal voltage builds up to a very high level (with the absence of appropriate local active load) which may trigger the protection circuit to switch the machine off.

Scenario 3: In this case, the IG is disconnected from the grid with a local active load equal to 40% of the machine rating and no local excitation (capacitor). The absence of the excitation reactive power causes the machine terminal voltage to collapse. As shown in Figure 9, the machine voltage initially increases, but due to lack of local excitation, it is unable to maintain the terminal voltage. Also, the speed increases dangerously high.

Figure 9. The machine islanded with only 40% active local load.
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Scenario 4: In this case, the machine is disconnected from the grid with active load equal to 40% and capacitive excitation of 40% of the machine rating. As shown in Figure 10, the machine's terminal voltage rises to a level higher than the nominal grid voltage and the speed (and frequency) decreases.

Figure 10. The machine islanded with 40% active and 40% reactive load.
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Scenario 5: in this case, the IG is disconnected from the grid with active load and reactive load each equals to the machine rating. As the total load exceeds the machine rating, the terminal voltage and the machine speed decrease, as shown in Figure 11.

Figure 11. The machine islanded with 100% active and 100% reactive load.
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Scenario 6: The IG local load is set to the optimum active and reactive values defined in Section 3: 0.8473 pu active load and 0.5081 pu reactive load. The machine is disconnected from the grid at 1 sc. and continues to run and supply its local load. As shown in Figure 12, the terminal voltage and the machine speed are constant with an error of only 0.02% following to the islanding event. Therefore, islanding the IG will be safe only if the local load is kept constant within the optimum range.

Figure 12. The machine islanded with optimum active and reactive load.
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4.1.2. Closed Loop Investigation

Based on the feasible operating area shown in Figure 8, a closed loop controller was developed in order to regulate the operation of the IG at different operating conditions. First, the operating points outside the accepted operating area and the corresponding control action are defined. As shown in Figure 13, eight regions surrounding the feasible (desirable) operating area are defined and clearly marked according to the corresponding voltage magnitude and machine speed (frequency), this defined by the low voltage and frequency limits VLL and fLL and the corresponding high limits VHL and fHL. The control action to be taken in each sub-region is defined in Table 1. For instance, in the sub-region defined by high voltage and high frequency (Hf and Hv), the local active power load need to be reduced and the excitation reactive power should be increased.

Figure 13. Sub-regions operating area.
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Table 1. control action parameters.


	Frequency (f)
	Voltage (V)
	Reactive power (Q)
	Active power (P)





	L
	L
	DEC
	INC



	L
	A
	DEC
	NA



	L
	H
	DEC
	DEC



	A
	L
	NA
	INC



	A
	A
	NA
	NA



	A
	H
	NA
	DEC



	H
	L
	INC
	INC



	H
	A
	INC
	NA



	H
	H
	INC
	DEC





L: low, H: high, A: accepted, INC: increase, DEC: decrease, NA: no action.




For the purpose of illustration, a conventional PI controller has been used, as shown in Figure 14, to control the local active load connected to the IG when it is islanded under different loading conditions. The controller is designed to monitor the machine's terminal voltage and frequency and control these by using a PWM control of a dummy local load. In a real system, local domestic loads (including Electric Vehicles chargers) may be controlled through demand side management. Reactive power control would be an added resource and this is achieved via thyristor-switched-capacitors as shown in Figure 14.

Figure 14. Schematic of the IG closed loop control during islanding.
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Research published recently describes the use of domestic loads to provide primary frequency response to the UK grid [21], where about 45% of the domestic loads can be locally controlled without disturbing the household life style. Similarly, these loads may be used to control the operation of the IG when operating in islanded mode. As shown in Figure 15a, the IG is islanded while the local active load is about double the machine rating, the controller managed to change the local load in order to maintain the voltage and speed at the predetermined values. Figure 15b, shows the controller performance when the machine local load was initially less than the IG rating, it is very clear that a dummy load needs to be available and controlled in order to maintain the voltage and speed (frequency) at the desired values.

Figure 15. Islanded operation of the IG. (a) IG islanded with 2 pu local active load; (b) IG islanded when active local load is lower than rated value; (c) IG islanded under different wind speeds.
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With wider use of SEIG in small and medium wind generation, it is important to investigate the impacts of wind fluctuation on the controller performance and this is presented in Figure 15c, where the IG is islanded from the grid at time 3 s, then the wind speed is changed at slow rate of 2 m/s at time 5 s from 8 m/s to 11 m/s. It is clear from the system response that the algorithm is robust enough to keep the local active power and terminal voltage within the operating region.




4.2. Reconnection of IG to the Grid

Here two cases are studied to evaluate the impact of reconnecting the IG to the grid on machine behaviour.

Scenario 1: In this case, the IG was running in isolation from the grid with 0.5 pu local active load and 0.5 pu reactive excitation capacitance.

Scenario 2: In this case, the IG was running according to the optimal combination of active and reactive load as described in Section 3. The results of these two cases are shown in Figure 16. The top part of the figure shows the machine terminal voltage for both cases before and after reconnection to the grid. It is obvious that there is no risk of over-voltage during both scenarios.

Figure 16. Reconnection of the IG at 3 s.
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The middle part of the figure shows the machine speed for both cases before and after the reconnection. It is clear that the response following the reconnection is better for the case with optimum loading and excitation. The results also show that it is better if the machine is reconnected to the grid at the appropriate point on the voltage waveform.

The bottom part of the figure shows the machine current in both cases. It is clear that although the machine working better under optimum load, there is an inrush current in both cases which can be cleared using a soft starter [17]. Inrush current problem and mitigation are well covered in the literature and therefore are not considered in this paper.




5. Conclusions

This paper presents an analysis of the dynamic performance of self excited induction generators during disconnection and reconnection to the grid as well as when operating in stand-alone mode (islanding operation). The paper also presents the effects of active and reactive local demand on the voltage magnitude and frequency of a self-excited induction generator, when it is islanded and reconnected to the grid. The optimum setting of both reactive and active loading is determined, implemented and verified. It is shown that the SEIG can work safely according to the distribution network engineering recommendations if the local active (required for load balancing) and reactive load (required for self excitation of the generator) are set to the optimum values.
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