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Abstract:

Distributed Generators are rapidly penetrating the traditional Power Distribution 
Networks, offering a number of technical, environmental and economic benefits. 
Meanwhile, they have some negative impacts on network stability as they noticeably 
reduce the overall rotational inertia and then the utility will no longer be an Infinite Bus 
having constant voltage and frequency. Therefore DG’s have to improve system 
stability in order to have an efficient and, in the same time, a robust network. In order to 
optimally utilize DG's, they need to be dispatchable, which is not always an available 
facility. This paper utilizes a multi-function nonlinear inverter-based link for DG 
systems, Flexible Distribution Generation, to implement several ancillary services and 
improve system performance depending on their penetration level in the network. The 
performance of the proposed system is simulated using PSCAD/EMTDC. The results 
are discussed to demonstrate the potential of the proposed scheme.
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Nomenclature
DG     Distributed Generation
FDG   Flexible Distributed Generation
PCC    Point of Common Coupling
VSI     Voltage Source Inverter
QCC   Quality Control Center
HCC   Hysteresis Current Control
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PLL     Phase Locked Loop
THD   Total Harmonic Distortion
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1. Introduction:

Distributed  Generation (DG) system is defined as an electric power source connected 
directly to the distribution network .This source can be a  Co-generation system with 
micro turbine, Fuel cell generation system or any kind of renewable energy sources. 
Many studies indicate that DG will play a significant role in the future power system 
structure [1]. The integration of DG with the utility distribution network offers a number 
of technical, environmental and economic benefits. Installation of DG’s comes in 
accordance with the trend of liberalization of energy markets aiming at decreasing the 
cost associated with electrical power transmission and distribution. Supplying loads 
partially from relatively near sources leads to noticeable reduction of losses and 
improvement of efficiency, which gives a great opportunity for distribution utilities to 
improve the performance of networks. Many of DG new technologies do not use a 
conventional grid coupled synchronous generator to convert primary energy into 
electricity. Instead, they use a squirrel cage or doubly fed induction generator (some 
wind turbine concepts) or a synchronous or squirrel cage induction generator that is grid 
connected through a power electronic converter (other wind turbine concepts, small 
scale high speed gas turbines). In the case of solar panels and fuel cells, it is not even 
mechanical power that is converted into electricity. A further difference between these 
new technologies and conventional means of electrical power generation is that many of 
them are of considerably smaller size than conventional thermal, nuclear and hydro 
units that up to this moment deliver the majority of the electrical power consumed 
worldwide. Therefore, they are often connected to low and medium voltage grids and 
not to the high voltage transmission grid, resulting in longer electrical distances [2]

When many small non-synchronous generation units replace a significant part of the 
synchronous power generation capacity, the total rotational inertia of the synchronous 
generators is decreased significantly. On the other hand, DG’s normally have relatively 
small inertia constant, as they Often utilize non-rotating power sources. As more and 
more DG’s are connected to the system, the reserve capacity of centralized utility 
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generation will be reduced for economical consideration. This leads simply to 
significant reduction of the overall inertia of the network and hence reducing its 
robustness. As a consequence, the variation in the rotational speed of the synchronous 
generators due to changes in their net load will become much higher than at present. 
This causes large frequency variations that can end up in an unstable and insecure grid. 
This is why future DG systems have to take a dominant part in maintaining stability of 
the network [3], [4]. The impact and control scope of ancillary services provided by DG 
on the power system can be local or global (system-wide), depending on their 
penetration level in the network. Local ancillary services include voltage regulation, 
reactive power supply and losses reduction, provided and controlled locally where 
needed. Global (system-wide) ancillary services include frequency control and active 
power reserves (spinning or standby); which have an impact on the whole system and 
can be provided anywhere in the power system [5]. As long as the penetration level of 
these new technologies in power systems is still low, they only cover a minor fraction of 
the system load. Therefore, in power system dynamics and transient stability studies, 
they are normally considered as just negative loads [2]. However, Increasing levels of 
DG are continually replacing large Synchronous Generators (SG) as the dominating 
generation technology. On one hand, stiff inverter-based generation technologies seem 
to improve system stability. On the other hand, the increasing electrical distances 
between synchronous generators in operation and the reduced system inertia will 
impede the system stability [6]. In order to optimally utilize DGs, they need to be 
dispatchable; otherwise load switching and frequency drops can not be compensated and 
losses will not be minimized in the network. Technologies like wind and solar energy 
which have non-dispatchable characteristics may cause instability and degrade 
efficiency of future energy systems unless these technologies are equipped with some 
advanced mechanical and power electronic controllers [7]. This paper proposes an extension 
to the functionalities of the Flexible Distributed Generation (FDG), mentioned in [1], to damp 
frequency oscillations and stabilize the distribution network. Current controlled Voltage Source 
Inverter (VSI) is used for interfacing DG and distribution networks. The command signal 
for the VSI, which is current signal in nature, will include the information of active 
power supplied from DG system to compensate the frequency (in case of high 
penetration level), or simply to minimize losses (in case of  low penetration level), and 
also the reactive power required to compensate the voltage fluctuation at load-side or 
total reactive power compensation to allow unity power factor at load-side. Current 
controlled VSI was selected for this function for its fast dynamic response, accurate 
performance, ease of implementation and its inherent closed loop control for current to 
guarantee working at the required operating point.
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2. Frequency and Voltage Stability:

Due to economic considerations, the electrical power networks are commonly 
operating near the stability limits. Therefore, oscillatory stability is attracting more 
interest and its analysis is essential for power system security. Frequency stability refers 
to the ability of electrical power systems to maintain fixed frequency after being 
subjected to a severe disturbance. Frequency will not cause a stability problem if the 
equilibrium between generation and load is restored. This requires sufficient generation 
reserve and adequate response from the control and protection devices [4]. Employing 
DG leads to a lower degree of dependence on central generation (Utility); leading to less 
reserve required. Despite achieving the advantage of noticeable cost reduction, this 
results in reduction of stability. Reactive power compensation is also an important issue 
in the control of distribution systems. Reactive current increases the distribution system 
losses, reduces the system power factor, shrink the active power capability and can 
cause large-amplitude variations in the load-side voltage. Moreover, rapid changes in 
the reactive power consumption of large loads can cause voltage amplitude oscillations 
(e.g., flicker in the case of arc furnaces). This might lead to a change in the electric 
system real power demand resulting in power oscillations [1]. The introduction of DG to 
distribution systems can significantly impact the flow of power and voltage conditions 
at customers and utility equipment. 

3. System Under Study:

As stated earlier, DG penetration levels are expected to grow fast in the next decades. 
Talking about expected penetration levels of (20-30 %), or even higher [3], the utility 
grid can no longer be considered as an infinite bus. This applies also in case of micro-
grid that is highly penetrated with DG’s, where a part of the network is islanded and its 
loads are supplied only from the local sources (SG or DG).In that case the utility will be 
simulated as a large Synchronous Generator supplying the large part of the load, but 
represented by its swing equation(1) rather than the common Infinite Bus producing 
constant voltage and frequency regardless of the load.

                                                                                                          (1)
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   Input mechanical power p.u.

    Output electrical power p.u.

H     Inertia constant (sec)

    Nominal frequency (Hz)

δ      Power angle (rad)

D     Damping coefficient 

DG sources have then to work together using appropriate control systems and efficient 
connections through the internet in a way that enables them to compensate power 
oscillations in the system forming what we can call a (Virtual Utility) or (Micro Grid). 
Such coordination can be accomplished through several systems. Among them, for 
example is FRIENDS (Flexible, Reliable and Intelligent Electrical Energy Delivery 
System) utilizing its key component, Quality Control Center (QCC). QCC is responsible 
for coordinating different kinds of energy sources to satisfy consumer needs. Among 
these sources DG’s are certainly introduced [9]. FDG is then proposed as a good link.

In FDG, Distributed Generators are connected to the network through a DC link with 
a control system that makes the interfacing between the grid and DG flexible. The main 
function of that link is to regulate the active power supplied from DG to the utility. 
Besides, the link can also supply reactive power to the utility to enable unity power 
factor operation or to regulate the voltage at the point of common coupling (PCC) 
[8].The control system proposed to FDG is shown in Fig (1), connected to a typical 
power system. The converter manages the amount of current   Ic   injected to the utility. 
Utilizing Inverse Park’s Transformation, the load current  IL  is converted from the 
three phase coordinates to a synchronously rotating frame, where  Ө  is the 
instantaneous angle of the PCC voltage vector obtained from  Phasor Locked Loop 
(PLL) circuit. The quadrature component of the reference current (Iq *) of VSI is set by 
the voltage control loop through a PI controller so as to keep the voltage of PCC at 
constant level [8], while the direct component of the reference current (Id *) of VSI can 
be set so as to deliver the maximum power that DG can afford in order to minimize 
losses in the network or simply to keep it at any desired value. This is possible at any 
penetration level, under constraint of DG capacity. At high penetration levels, it can be 
set to regulate frequency at constant nominal value (50 Hz). Hysteresis Current Control 
(HCC) switching technique is utilized for current control of the Voltage Source Inverter 
(VSI). It very well suits the given application, as there is a lot of current dynamics 
through the distribution systems, in addition to its insensitivity to distribution network 
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parameters variations.

Figure (1): Block diagram of the proposed control system

4. Power System Frequency Estimation:

Estimation of power system frequency is an important task since the frequency 
deviation value is a good indicator of the system abnormal operating conditions.  Figure 
(2) shows the algorithm used for power system frequency estimation, applying 
orthogonal signal components, (vs and vc), obtained with use of two orthogonal Finite 
Impulse Response (FIR) filters [10]. The algorithm applied is immune to both signal 
orthogonal component magnitudes and FIR filter gains variations (equation 2). Several 
tests to this algorithm have been carried out to verify its capability to track the system 
frequency with acceptable accuracy, even in transient intervals.
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Figure (2): Block diagram of the proposed frequency estimation algorithm

                                                                                                             (2)

f   estimated frequency
fo  nominal frequency

5. Simulated Results:

The performance of FDG is evaluated by computer simulation using 
PSCAD/EMTDC. Parameters of the system under study are given in the appendix. The 
hysteresis band is roughly set to 4% from the rated value of the VSI current. The 
following simulation results illustrate the operation of FDG in two selected levels of 
penetration.

Case (1): Low Penetration level

In this case the utility is considered an Infinite Bus having constant voltage and 
frequency. The main task of DG is to keep the voltage constant at load terminals by 
compensation of reactive power. Figure (3) shows how DG regulates the voltage 
achieving voltage stability. Voltage profile is flat with error of less than 0.3%. 
Variations of reactive power demand are almost totally compensated by DG. The 
command of active power was set at the maximum value DG can supply which reduces 
losses as much as possible. Changes in active power demand are therefore supplied by 
the Utility. In that sense DG has no contribution to frequency stability and frequency is 
kept constant as the Utility is considered an infinite bus. Clearly, control loops of active 
and reactive power are mutually independent.
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Figure (3): Case (1) Active Power control mode.
 (a) Voltage at PCC, (b) Load Power, 

(c) Utility Power, (d) DG Power, (e) Load Reactive power, 
(f) DG Reactive power, (g) Estimated Frequency.
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Case (2): High Penetration level

Now the utility is no longer an infinite bus. It responds to load changes by supplying an 
amount of its stored kinetic energy leading to frequency variations according to the 
swing equation. If no appropriate frequency control is involved, it will drop 
significantly in case of  load variations (Fig 4), where a frequency drop of about 1.5 Hz , 
a totally unaccepted deviation, is produced by a sudden switched load. Therefore, DG 
has to contribute to frequency regulation as well as keeping the voltage at load 
terminals. 

Figure (5) shows how FDG compensates the load active power variation (about  30 % 
additional, sudden switched, load ) to keep the frequency at its nominal value, hence 
achieving frequency stability. It took about 4 seconds to restore frequency at nominal 
value, without overloading the utility. Meanwhile, voltage is still at flat profile and 
hence achieving voltage stability and the reactive variation is compensated by FDG. 

Figure (6) shows comparison of actual and estimated frequency. In steady state, both are 
exactly the same. In transient period, they are in phase with a slight difference in 
magnitude (less than 0.3 Hz). Figure (7) shows the load current, DG current, Utility 
current and phase voltage at PCC at peak load period. It is clear that the Supply voltage 
and current are almost in phase; reactive power is mainly supplied by FDG. Figure (8) 
shows the THD of Voltage at PCC, which is below 1% at all intervals.

The command of active power was set so as to eliminate frequency deviations. This 
implies the necessity of installing DG’s with sufficient reserve capacity on the network, 
Instead of depending on the reserve capacity of  the utility. Tripping delay of DG 
protection should be somehow longer to allow FDG to compensate power oscillations. 
If such high DG penetration levels could achieve network stability according to the 
shown scenario, we would obtain the so called “Virtual Utility”. Control loops of active 
and reactive power are still mutually independent. 
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Figure (4): Case (2) System without Frequency Control contribution of FDG 
(a) Load Power, (b) Utility Power, (c) DG Power, (d) Actual Frequency. 
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Figure (5): Case (2) Frequency Control mode. 
(a) Voltage at PCC, (b) Load Power (%),

(c) Utility Power (%), (d) DG Power (%), (e) Load Reactive power, 
(f) DG Reactive power, (g) Estimated Frequency, 

(h) Estimated Frequency compared to actual Frequency. 
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Figure (6): Estimated Frequency compared to actual Frequency
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Figure (7): Currents during peak Load. 
(a) Load Current (A), (b) DG Current (A), 

(c) Voltage at PCC (KV) with Utility Current(A).
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Figure (8): Total Harmonic Distortion of Voltage at PCC.

6. Conclusions:

This paper discussed a proposed contribution of DG to stability improvement of Power 
systems in the near future. As DG improves efficiency, it reduces the overall rotational 
inertia power reserve. Therefore it has to contribute to both Frequency and Voltage 
stability.  Flexible Distributed Generation FDG sounds to be a good solution for the 
utility to mitigate several stability problems. The Utility was considered as an Infinite 
Bus once, and again as a large Synchronous Generator modeled by its Swing Equation. 
Simulation results show that FDG can improve network performance through different 
ancillary services; Voltage regulation, Losses reduction and frequency stability. FDG 
could switch flexibly between these several regulating functions, according to the 
penetration level of DG in the Network. The fast dynamic response of the proposed 
system in compensating both active and reactive power at the PCC, achieving full 
regulation of Voltage and Frequency, presents it as a promising part of future power 
grids.

7. Appendix:

Vs (rms/Line)=  11 KV, fo= 50 Hz, Ls= 31 mH, Rs=  1.74 ohm.
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