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 
Abstract—Danish distribution systems are characterized by a 

significant penetration of small gas turbine generators (GTGs) 
and fixed speed wind turbine generators (WTGs). Island 
operation of these distribution systems are becoming a viable 
option for economical and technical reasons. However, stabilizing 
frequency in an islanded system is one of the major challenges. 
This paper presents three different gas turbine governors for 
possible operation of distribution systems in an islanding mode. 
Simulation results are presented to show the performance of 
these governors in grid connected and islanding mode. 

 
Index Terms— Droop control, fixed speed wind turbine, gas 

turbine governor, isochronous control. 

I.  INTRODUCTION 

he growing environmental concerns and constraints on 
construction of new transmission and distribution lines 

have made it difficult for power utilities to catch up with the 
increased demand. This has resulted in overloading of the 
transmission and distribution systems and distributed 
generation (DG) is seen as an option to overcome this. There 
are various DG technologies available in market. However, 
the DG technologies that have been widely used in Denmark 
are wind turbine generators and small gas turbine generators 
for combined heat and power application [1]. Gas turbines 
have become increasingly popular due to their lower 
greenhouse emission as well as the higher efficiency, 
especially when connected in a combined cycle setup [2]. The 
large wind farms connected at transmission level have 
variable speed WTGs but old small wind turbines connected 
at the distribution level are largely fixed-pitch and fixed-speed 
turbines. The significant penetration of GTGs and WTGs in 
the Danish distribution systems has opened an option to 
operate distribution systems in island mode, supplying power 
to small areas, due to technical and economical reasons. Also, 
the IEEE Std. 1547-2003 [3] states that the implementation of 
intentional islanding of DGs is one of its tasks for future 
consideration. However, stabilizing frequency of an islanded 
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system is one of the major issues as loads and generations in 
the islanded systems seldom match. In such a situation, speed 
governors can be implemented to control the frequency of the 
system. 

This paper presents possible governor configurations that 
can be used to control the frequency of the islanded system. 
Their performance during grid connected state is also 
analyzed. The modeling of GTG and WTG is explained in 
Section II. The performance of the governors is tested in a 
radial distribution system, which is presented in Section III. 
The possible governor configurations are presented in section 
IV. GTG, WTGs and governors are modeled in DigSILENT 
PowerFactory 13.2.334 and the results are presented in 
Section V. Section VI concludes the paper. 

II.  MODELING OF GTG AND WTG 

A gas turbine usually consists of a compressor and a turbine 
operating under the Brayton cycle [4] consisting of four 
completely irreversible processes namely; isentropic 
compression, isobaric heat addition, isentropic expansion, and 
isobaric heat rejection. A typical model of a gas turbine in 
stability studies models load-frequency control, temperature 
control and acceleration control. These components have been 
reviewed in [5],[6]. 

Various gas turbine models have been proposed for stability 
analysis. Rowen proposed a simplified mathematical model 
for heavy duty gas turbines in [7]. He extended the model by 
including inlet guide vanes in [8]. But the control loops for the 
speed and acceleration remained essentially the same. IEEE 
also presented a model of a gas turbine in [9]. Another model 
is the GAST model [10], which is one of the most commonly 
used dynamic models [11]. These models and other models 
are reviewed in details in [12]. For the purpose of this study, it 
is assumed that the temperature control loop will not become 
active and hence the GAST model is chosen for its simplicity. 
The GAST model for the gas turbine generator is shown in 
Figure 1. 

A WTG model consists of an aerodynamic model, a 
mechanical model and a generator model. The mechanical 
model for the drive train can be modeled as a two-mass model 
or a single-mass model. In the two-mass model, one mass 
accounts for hub and blades and the other accounts for the 
rotor of the generator. In the single-mass model, all the 
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rotating parts of the windmill are lumped in a single mass. 
Various wind turbine models have been proposed in different 
literatures [13]-[17]. A simplified block diagram of a fixed-
pitch fixed-speed wind turbine system is shown in Figure 2. 
For the purpose of this study, wind turbines are modeled as a 
two-mass system as it is adequate for power system transient 
studies [18].  

 

Fig. 1. GAST model 

In Figure 1, T1 is controller time constant, T2 is fuel system 
time constant, T3 is load limiter time constant, AT is ambient 
temperature load limit, KT is temperature control loop gain, 
VMin and VMax are fuel controller minimum and maximum 
output, respectively, and DTurb is frictional losses factor. 

 

Fig. 2. Simplified wind turbine generator model 

The aero dynamic torque ( rotT ) developed by wind is given 

by Equation 1 [19].  
2 31
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Where,   is air density, R is turbine rotor radius,   is wind 

velocity, rot  is rotor speed and pC  is power coefficient, 

which is a function of tip speed ratio (  ) for fixed pitch 
turbines.   is given by Equation 2 [19]. 

rotR



           (2) 

In case of a two-mass model, the angular difference 
between the two ends of the flexible shaft (θ) is given as in 
Equation 3 and the torque from low speed shaft ( ST ) is given 

by Equation 4 [20]. 

rot gen

d

dt

             (3) 

 s rot genT K D            (4) 

where, gen  is generator speed, K is drive train stiffness, D 

is drive train damping constant and J is inertia of the rotor. 
The rotor speed is given as in Equation 5 and the power from 
wind turbine to generator ( WTP ) is given by Equation 6. 

 rot srot
T Td

dt J

 
        (5) 

WT gen SP T          (6) 

III.  MODEL OF DISTRIBUTION SYSTEM 

Figure 3 shows the model of the distribution system in 
which the controllers are tested. The distribution system is a 
part of a distribution network, owned by Himmerlands 
Elforsyning, in Aalborg, Denmark.  

 

 

Fig. 3. Test distribution system 
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The distribution system consists of 10 loads, 3 fixed speed 
wind turbine generators and a combined heat and power plant 
(CHP) with GTG. The line data for the test system and the 
generators data are given in [21]. The distribution system is 
connected to the transmission network at Bus 05. Total load in 
the system is 8.18 MW and 2.00 MVAr. Load data is given in 
Table AI. WTG operate at close to unity power factor with 
capacitor banks providing the necessary compensation. The 
production, for the test case situation, of the CHP is 3.9 MW 
and each WTG is 85 kW. 

IV.  CONTROLLERS FOR GTG 

With the fixed speed wind turbines, power produced 
depends on wind speed. Furthermore, without any pitch 
control, the output power of the WTGs cannot be regulated. 
Hence, the only way to balance the power and hence 
frequency in the distribution system, when islanded, is by 
controlling the GTG. 

 

Fig. 4. Gas turbine model with fixed speed droop 

 

Fig. 5. Gas turbine model with isochronous controller 

One of the conventional ways to control power generators 
is by using speed droop, which reduces the governor reference 
speed as load increases to provide stable operation. The GAST 
model with the speed droop is shown in Figure 4 where R is 
the speed droop of the controller. When a distribution system 
with certain power mismatch is islanded, its frequency will 
deviate from the nominal value. However, an isochronous 
controller, which is basically a PI controller, will regulate 
frequency to nominal value. The gas turbine model with an 
isochronous controller is shown in Figure 5 where Ki and Ti 

are the isochronous controller's gain and time constant, 
respectively. Another way of controlling power/speed of GTG 
is presented in Figure 6 where KFB is feedback gain. It uses 
feedback in the isochronous controller and hence will change 
its reference speed like speed droop controller. Speed 
governor block in Figure 1 is replaced by speed droop block, 
isochronous controller block, and isochronous controller and 
feedback blocks in Figures 4, 5 and 6, respectively. 
Performance, advantage and disadvantage of these controllers 
are discussed in next section. 

 

Fig. 6. Gas turbine model with isochronous controller with feedback 

V.  SIMULATIONS, RESULTS AND DISCUSSIONS 

Synchronous generators are connected to the gas turbines 
and induction generators are used in the wind turbines. An 
IEEE Type ST1 excitation system is used for the GTG [22]. 
The standard models for generators and exciter, available in 
DIgSILENT, are used for the study. The data for exciter is 
given in Table AII. The parameters for the wind turbine 
generators are given in Table AIII. Similarly, parameters for 
the turbine governor controllers are given in Table AIV. In a 
real system loads are always voltage and frequency dependent. 
However, it is very difficult to determine voltage and 
frequency dependency of the loads. Hence, for simplicity, 
loads are modeled as in Equation 7. 

0

0

(1 0.5 0.5 )

(1 0.5 0.5 )

P P f V

Q Q f V

     
     

       (7) 

Where, 
P  and 0P  are active load at new voltage and 

frequency, and base voltage and frequency, 
respectively 
Q  and 0Q  are reactive load at new voltage and 

frequency, and base voltage and frequency, 
respectively 

f and V  are deviations on frequency and voltage in 

p.u., respectively. 
Islanding is simulated by opening the circuit breaker (CB). 

0P , 0Q  and wind speed are assumed to remain same during 

the period of simulation. The simulation results, showing the 
performance of the controllers when the distribution system is 
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islanded and when it is connected to grid, are presented in the 
following sections. 

A.  Performance of controllers when islanded 

The distribution system is islanded at time = 0 second (s). 
Now, the GTG contributes a huge percentage of the total 
power generation in the islanded system and thus governs the 
distribution system frequency. Figure 7 shows the distribution 
system frequency when the distribution system is islanded. 
Figure 8 and 9 show the GTG turbine power and active 
power, respectively. Similarly, Figure 10 shows the WTG 
active power when the distribution system is islanded. 
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Fig. 7. Islanded distribution system’s frequency with different controllers 
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Fig. 8. GTG turbine power after islanding with different controllers 
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Fig. 9. GTG active power after islanding with different controllers 

From the Figure 7, it can be seen that, with the speed droop, 
the islanded distributed system settles at a frequency, which is 
below the power quality limit of 0.99 p.u.. However, as 
expected, the isochronous controller brings the frequency 
back to 1 p.u. when the system is islanded. Even though the 
isochronous controller with feedback does not bring the 
frequency back to nominal, the final frequency error is 
significantly less compared to the one with speed droop 
controller.  

As the loads are frequency dependent, the GTG will 
produce least power when the speed droop controller is 
employed and maximum power when the isochronous control 
is employed. Also, power produced from WTGs will be 
maximum when the frequency is brought back to nominal 
with the isochronous control and minimum when the speed 
droop controller is employed with the wind speed remaining 
the same. However, the difference is very small as the WTGs 
are producing a very small amount of power. 
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Fig. 10. GTG active power after islanding with different controllers 

B.  Performance of controllers when grid connected 

To see the performance of controllers, when they are 
connected to the grid, system frequency is changed as shown 
in Figure 11. Figure 11 also shows the change in speed of the 
GTG, with different controllers, as a response to the grid 
frequency change. Figures 12 and 13 show changes in turbine 
power and active power of the GTG with different controllers, 
when the grid frequency changes. Similarly, Figure 14 shows 
the variation in output power of the WTG for the same 
fluctuation in system frequency. 
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The speed droop controller will try to follow the grid 
frequency when it changes. With the speed droop, the GTG 
will lower its turbine power and hence active power and 
settles at a new operating point. The isochronous controller 
will also lower GTG turbine power and hence its active power 
to bring the speed back to reference speed. But, since the grid 
is too strong, it cannot bring the GTG speed to reference. 
Eventually, the turbine power becomes zero and GTG rotates 
at grid frequency. However, with the feedback, the reference 
speed is increased and the GTG finds the new operating point 
similar to the case of speed droop controller. In case of 
WTGs, with the change in the frequency, the tip speed ratio 
and hence power coefficient and output power change. 
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Fig. 12. GTG turbine power for grid frequency change with different 
controllers  
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Fig. 13. GTG active power for grid frequency change with different 
controllers  
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Fig. 14. WTG active power for grid frequency change with different 
controllers 

Having a higher droop helps when the system is grid 
connected as output power does not change much with 
changing grid frequency. Thus, the speed droop controller will 
perform better at grid connected condition. However, it 
performs badly when the system is islanded. The isochronous 
controller performs the best when the system is islanded by 
bringing the frequency back to nominal. But any deviation in 
grid frequency, when the system is connected to the grid, will 
lead to output power being driven to limits. As the grid is 
much stronger compared to a small generator like the GTG in 
the test distribution system, change in generator power have 
negligible impact in system frequency. Furthermore, it makes 
no economical sense to reduce the power generation to zero to 
maintain system frequency to nominal while reduction in 
power production is hardly having any impact in system 
frequency. Hence, it is desirable to have least fluctuation in 
power when the small generators are connected to grid. 
Though at the same time, bring frequency within an 
acceptable limit for islanding operation is also a priority. The 
isochronous controller with feedback performs relatively well 
in both cases. The output power is not driven to limits when 
the system frequency fluctuates and it keeps the frequency 
within the acceptable limits when the distribution system is 
islanded.  

VI.  CONCLUSIONS 

The speed droop controller is very effective to control 
power when the generator is connected to grid. But, 
depending on power imbalance in the islanded distribution 
system, the final settling frequency can be outside the power 
quality limit. On the other hand, the isochronous controller 
can bring the frequency back to nominal value when the 
system is islanded. However, when connected to grid, its 
operating point is driven to either lower or upper limit even 
with the slightest deviations in frequency. The presented 
isochronous controller with feedback takes the advantage of 
both the above mentioned controllers and performs 
satisfactorily in both situations. It is basically a PI controller 
like the isochronous controller but changes its speed 
reference, with a feedback, like the speed droop controller.  

The presented isochronous controller with feedback can 
find a new operating point when the frequency of the strong 
grid, to which it is connected, deviates. It also keeps the 
frequency within an acceptable limit when the distribution 
system is islanded. Thus, the isochronous controller with 
feedback is a possible solution to control gas turbine 
generators and stabilize frequency when the distribution 
system with WTGs and GTGs is islanded. 
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APPENDIX 
TABLE AI 
LOAD DATA  

 

Loads 
Active Power 

(MW) 
Reactive Power 

(Mvar) 
FLØE 0.787 0.265 
JUEL 0.811 0.147 
STCE 1.212 0.16 
STNO 2.109 0.286 
STSY 1.757 0.484 
Load 07 0.4523 0.2003 
Load 08 0.7124 0.3155 
Load 09 0.1131 0.0501 
Load 10 0.1131 0.0501 
Load 11 0.1131 0.0501 

 
TABLE AII 

EXCITATION SYSTEM DATA 
 

Parameters Value 
Controller gain (p.u.) 150 
Controller maximum input (p.u.) 3 
Controller maximum output (p.u.) 7 
Controller minimum input (p.u.) -3 
Controller minimum output (p.u.) -7 
Controller time constant (s) 0.02 
Excitor current compensation factor (p.u.) 0 
Filter delay time (s) 1 
Filter derivative time constant (s) 1 
Measurement delay (s) 0 
Stabilization path delay time (s) 0.15 
Stabilization path gain (p.u.) 0.01 

 
TABLE AIII 

WIND DRIVE TRAIN DATA 
 

Parameters Value 
J Rotor Inertia (kg mm) 4*106 
K Drive train Stiffness (Nm/rad) 10000 
D Drive train Damping (Nm/rad) 0 

 
TABLE AIV 

GOVERNOR SYSTEM DATA 
 

Parameters 
Valu

e 
R Speed Droop (p.u.) 0.05 
Ki Isochronous controller gain (p.u.) 40 
Ti Isochronous controller time constant (s) 1 
KFB Feedback gain (p.u.) 0.01 
T1 Controller time constant (s) 0.05 
T2 Fuel system time constant (s) 0.1 
T3 Load limiter time constant (s) 10.2 
AT Ambient temperature load limit (p.u.) 0.909 
KT Temperature control loop gain (p.u.) 2 
VMin Controller minimum output (p.u.) 0 
VMax Controller maximum output (p.u.) 1 
DTurb Frictional losses factor (p.u.) 0 
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