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Abstract: We discussed the technical challenges and power system frequency fluctuations due to high wind power penetration.
The simulation analyses using a multi-machine power system model using PSCAD/EMTDC have been performed to investigate
the performance of the power system frequency with the increased wind power penetration using real wind speed data. The real
wind data was measured in Hokkaido Island, Japan. It was observed the power system frequency is fluctuating, and the thermal
governor can minimize power system frequency more than the hydro governor. The frequency deviations are maintained within
£ 0.24 [Hz] for thermal governor model and from 49.60 Hz to 50.50 Hz for both hydro governor model. It was also found that,
the wind farm output voltage, the wind farm output power and the SG output power was also fluctuating for both thermal and
hydro governor model. Comparing with the hydro governor, the thermal governor can maintain up to certain capacity.
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I. INTRODUCTION

The renewable energy technology to meet the energy demands has been steadily increasing for the past few decades due to the
limitations of the fossil fuels and their harmful effects on the environment [1-4]. The wind energy is one of the promising renewable
energy sources all over the world [4-5]. The promoting wind power is considered as an important strategy to attain CO, emission
reduction, environmental protection, energy savings, and energy security [5-10]. However, the important drawbacks associated with
renewable energy systems are their inability to guarantee reliability and their spare nature [1]. Nowadays, it is well-known that the
renewable energy industry is accelerating quickly and intensively rising concerns about natural resources exhaustion and climate
change [11-20]. The renewable energy is seen by many researchers as part of the appropriate response to these concerns. Few
national governments have taken programs in place to support the wide use of sustainable energy systems [21-25]. Therefore, these
lead to a rapid boost in demand for renewable energy specialists who are able to design, install as well as maintain such power
systems [26-33]. In this work, we discussed the problems associated with conventional 1G machines used in wind integrated power
systems. We investigated power system frequency fluctuations with high wind power penetration. The effects of the governor
control system models of SG and conventional pitch control model on hybrid power system frequency fluctuations were discussed
in detail. In section 11, effects of hydro governor in conventional IG are explained in detail. In section 11, the AVR and LFC model
is discussed briefly. In section 1V, the results obtained are summarized.

Il. EFFECT OF HYDRO AND THERMAL GOVERNOR MODEL
To represent the impacts of governor, the model system used in the simulation analyses is shown in Fig. 1. One synchronous
generator of SG [100 MVA] and one Induction generator of IG [10 MVA] acting as a wind farm are used with the network. The
Qwr and Qo4 are capacitor banks. The Qwr is used at the terminal of IG to compensate the reactive power demand of wind
generator at steady state. The value of the capacitor is chosen so that the p.f. becomes unity, when the wind generator operated in the

rated condition [24]. The Q_oqq IS used at the terminal of load to compensate the voltage drop by the impedance of transmission lines.

The core saturation of induction generator and synchronous generators are not considered for simplicity. Figure 2 and 3 shows the
hydro and thermal governor model used in the simulation analysis, respectively. When the generator load is constant, the turbine is
operated at a constant rotational speed. However, when the load changes, balance between the generator output and the load is not
maintained, and the rotational speed changes [28]. When the load is removed, the governor detects the increase of the rotational
speed, and then, the valve is closed rapidly so that an abnormal speed increase of the generator is prevented [24]. The power system
model is shown in Fig. 1. in which the initial values of 65M and 77M for thermal generators are shown in Table 1 [23-24]. Where
Sg: the revolution speed deviation [pu]; 65M: the initial output [pu]; 77M: the load limit (65M + rated MW output x PLM [%]);
PLM: the spare governor operation [%]; Pm: the turbine output [pu]. In the simulation analysis, the conventional pitch controller is
modeled with a first order delay system with a time constant, Tp.
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Table 1
Initial values of 77M and 65M

Synchronous Generator (Thermal)
Frequency control 7IM 65M
PLM% 10 5
IG: 10MVA IG: 5SMVA
GF 0.84 0.8
77M [pu] 0.82 0.84
65M [pu] 0.72 0.75

In the simulation analysis, the conventional pitch controller is modeled with a first order delay system with a time constant, Tp. The
purpose of using the pitch controller is to maintain the output power of the wind generator at rated level by controlling the blade
pitch angle of turbine blade when the wind speed is over the rated speed. Generally, the blade pitch operation system is complicated,
but this paper simulates the pitch operation system by using a first order time delay system with time constant Tp,.
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Fig. 1. Hydro governor model for simulation analysis
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Fig. 3. Thermal Governor model

11ILAVR AND LFC MODEL

In the simulation analyses, the automatic voltage regulator (AVR) model is expressed by a first order time delay, which is shown in
Fig. 4 [24]. In the first place the AVR monitors the output voltage and controls the input voltage for the exciter of the generator. The
AVR calculates how much voltage have to sent to the exciter numerous times a second, therefore stabilizing the output voltage to a
predetermined set point. The load-frequency control (LFC) is employed to allow an area to first meet its own load demands, then to
assist in returning the steady-state frequency of the system, Af, to zero [24-25]. In the Load Frequency Control (LFC), the control
output signal is sent to LFC power plant when the frequency deviation is detected in the power system [26]. Then, governor
command signal and thus the output of LFC power plant is changed according to LFC signal. The frequency deviation is input into
Low Pass Filter (LPF) to remove fluctuations with short period, because the LFC is used to control frequency fluctuations with a
long period. The LFC model used in this study is shown in Fig. 5, where, Tc: the LFC period = 200[s]; o.: the LFC frequency =
1/Tc = 0.005[Hz]; {: the damping ratio = 1 [24].

Terminal voltage LPF
fi v 51 §\2
0
( Ka : 1+ 28(5) + ()
LS 1+ STA ;
Field volt 1+ sTC
l1eld voltage < - LFC
1 +sTB signal
fy: Base frequency (50[Hz]) ' Q= 0-005[]'[:7—]
f? System frequency [Hz] Te=200[s]. &=1
Fig. 4. Automatic Voltage Regulator model Fig. 5. Load frequency control model

IV.SIMULATION ANALYSIS
The simulation analyses have been carried out to investigate the performance of the power system frequency with the increased
wind power penetration using real wind speed data. The wind speed data used in the analysis is the real data, which is measured in
Hokkaido Island, Japan. The wind speed data applied to the wind generator is shown in Fig. 6. Figure 7 shows the wind farm output
voltage, and wind farm output power is presented in Fig. 8. The Synchronous generator output power is shown in Fig. 9.
Figure 10, 11, and 12 show the wind farm output voltage, and wind farm output power and synchronous generator output power for
thermal governor model, respectively. The power system frequency for hydro governor model and thermal governor model is shown
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in Fig. 13. It was observed from Fig. 13, the power system frequency is fluctuating and it fluctuates from 49.60 Hz to 50.50Hz for
Hydro governor but thermal governor can minimize power system frequency than hydro governor.

The comparison of power system frequency for hydro governor control and thermal governor control are presented in Fig. 13. The
system frequency becomes more severe for IG capacity 10% of total capacity or more. It is investigated that synchronous generator
(SG) operate with thermal governor model can maintain better frequency control with respect hydro governor model. Moreover, the
wind farm output voltage and output power are fluctuating in intolerable limit, which concerns power system company.
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Fig. 6. Profile of natural wind data
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Fig. 8. Response of wind farm output power
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Fig. 9. Response of synchronous generator output power
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Fig. 11. Response of wind farm output power
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Fig. 13. Comparison of power system frequency

V. CONCLUSIONS

The output responses of wind generators affect the power system frequency due to wind speed variations. This study focuses on
power system frequency fluctuations with high wind power penetration. The effects of the governor control system models of SG
and conventional pitch control model on frequency fluctuations are evaluated and presented. However, from the results presented, it
is predicted that the fluctuations of system frequency are high as the power capacity of wind power penetration are become large.
Therefore, to improve the reliability and quality of electric power, some preventive measurements must be taken by the power grid
companies. It was observed that the frequency deviations are more than + 0.2 [Hz]. The thermal governor showed better
performance than hydro governor. The conventional pitch control system and governor control system can be used to minimize the
output fluctuation up to a certain degree but with many limitations. The wind farm output voltage, the wind farm output power and
the SG output power response are almost same numerically.
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