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Abstract 
In recent years, environmental problems are becoming serious and renewable 
energy has attracted attention as their solutions. However, the electricity gen-
eration using the renewable energy has a demerit that the output becomes 
unstable because of intermittent characteristics, such as variations of wind 
speed or solar radiation intensity. Frequency fluctuations due to the installa-
tion of large scale wind farm (WF) and photovoltaics (PV) into the power 
system is a major concern. In order to solve the problem, this paper proposes 
two control methods using High Voltage Direct Current (HVDC) intercon-
nection line to suppress the frequency fluctuations due to large scale of WF 
and PV. Comparative analysis between these two control methods is pre-
sented in this paper. One proposed method is a frequency control using a 
notch filter, and the other is using a deadband. Validity of the proposed me-
thods is verified through simulation analyses, which is performed on a mul-
ti-machine power system model. 
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1. Introduction 

Recently, global warming and depletion of fossil fuels have been becoming se-
rious all over the world, and in Japan nuclear power plants have been stopped 
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since the Great East Japan Earthquake that occurred in 2011. Therefore, from 
the viewpoint of securing energy security and improving environmental prob-
lems, renewable energy has been attracting. It is a theme that can greatly contri-
bute to the revitalizations of industry and economic activities, and the improve-
ment of people’s lives. Among renewable energy power sources, wind power 
generation and solar power generation have been attracting. Wind power gener-
ation has the advantages of relatively low power generation cost and high energy 
conversion efficiency compared with other types of power generation using re-
newable energy. In solar power generation, there is an advantage that the power 
generation efficiency is almost constant irrespective of the size of the installation 
system, and noise is not generated during power generation. In fact, wind power 
generation and solar power generation have been increasing year by year, and 
the amount of wind power generation in the world of 2016 is about 486.7 GW 
[1] and the amount of solar power generation is about 303 GW [2]. The renewa-
ble energy is likely to continue increasing in the future. However, the power 
generation using such renewable energy system may cause frequency and voltage 
fluctuations in the power system because of their fluctuating output due to in-
termittent characteristics, such as variations of wind speed or solar radiation in-
tensity. Based on this fact, the frequency fluctuations in the power system with 
renewable power sources have been suppressed by the frequency controls in the 
thermal power plants and the hydraulic power plants so far. However, if the re-
newable power sources will increase, it is expected that the frequency fluctua-
tions could not be suppressed by those controls sufficiently. If the frequency 
fluctuations cannot be suppressed within the permissible range of power system 
frequency, it is possible that some power plants may be stopped and some elec-
trical equipment cannot operate normally. In order to solve this problem, vari-
ous methods have been investigated and reported. Among them, there have been 
many researches about application of battery system, however, the battery sys-
tems are, in general, very expensive due to installation cost etc. Therefore, in re-
cent years, frequency control using HVDC transmission line instead of battery 
has been studied [3] [4] [5] [6] [7]. Although, in these references [3] [4] [5] [6] 
[7], various studies have been presented for frequency control by HVDC trans-
mission line connecting an offshore wind farm and an onshore power system, 
there are few papers reporting frequency control using HVDC transmission line 
connecting two power systems [8] [9]. Reference [8] presents a control method 
to suppress the frequency fluctuations occurring due to a large amount of PV 
power generation and wind power generation, which is based on power flow 
control of HVDC interconnection line using a different type of deadband from 
those in this paper in its frequency control system. In this paper, two methods 
are proposed to suppress the frequency fluctuations in one power system in-
stalled with large PV power station and wind power station, which is based on 
power flow control of HVDC interconnection line. And, these two proposed 
methods are examined and compared through simulation analyses.  
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One of the two methods is a frequency band control using a notch filter. Gen-
erally, frequency fluctuations in the power system are suppressed by frequency 
control of the synchronous generators. However, there is a frequency band in 
which the control performance is not sufficient. Therefore, by determining the 
frequency band in which the frequency adjustment ability decreases in the power 
system with renewable power sources installed, a notch filter capable of effec-
tively extracting only this band can be designed. Then, using the designed notch 
filter, fluctuating power in that frequency band, which cannot be suppressed suf-
ficiently in the power system with renewable power sources, is transmitted to 
another power system through the HVDC interconnection line. As a result, fre-
quency fluctuations in the power system with renewable power sources are sup-
pressed. 

The other method is a frequency control using deadband. This control is very 
simple. Only when the frequency deviation in the power system with renewable 
power sources exceeds a threshold value, the frequency control of HVDC inter-
connection line activates and the fluctuating power is transmitted to another 
system. In the case of the frequency control using notch filter, the frequency 
control of HVDC transmission line is always in operation. However in the case 
of the frequency control using deadband, the frequency control of HVDC 
transmission line is in operation only when the frequency deviation exceeds the 
threshold value. Therefore fluctuations in the HVDC transmission line power in 
the latter case become smaller than those in the former case. 

The effectiveness of the above two proposed methods is verified by simulation 
analysis executed on PSCAD/EMTDC software (4.2.1).  

2. Model System 
2.1. Power System Model 

The power system model used in this study and its parameters are shown in 
Figure 1. It is a modified version of the IEEE standard model with 9 buses [10] 
which is composed of 3 synchronous generators (SG1, SG2, and SG3). SG1 and 
SG2 are thermal power plants (SG1: 300 MVA, SG2: 200 MVA), and SG3 is a 
hydraulic power plant (100 MVA). Moreover, a WF (40 MVA), a PV station (60 
MVA), HVDC interconnection line (60MVA), and three loads (Loads A, B, and 
C) are connected to the main system [11]. Their conditions are shown in Table 
1. The HVDC transmission line is connecting the main modified 9-bus power 
system (System A) and another large power system (infinite bus, System B) and 
the positive direction of its power flow is from System A to System B. 

2.2. Governor Model 

Governor is a device for controlling the rotational speed of the synchronous ge-
nerator and turbine. When the balance between the turbine output and genera-
tor output does not hold, the rotational speed changes. In order to return the 
rotation speed to the synchronous speed, the turbine output is controlled by the  
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Figure 1. Model system. 
 
Table 1. Conditions of each generator. 

 Generator Rated MVA Frequency Control 

SG1 Thermal 300 MVA LFC*1 

SG2 Thermal 200 MVA GF*2 

SG3 Hydro 100 MVA GF*2 

SCIG*3 Wind Farm 40 MVA  

PV Solar 60 MVA  

Total Load  480 MW  

*1LFC: Load Frequency Control, *2GF: Governor Free, *3SCIG: Squirrel Cage Induction Generator. 

 
governor system. There are various frequency components in the power sup-
plied to the power system from the wind generators and PV stations, resulting in 
frequency fluctuations of the power system. Conventional thermal and hydro 
governors control their turbine output to suppress the frequency fluctuations, in 
which short period components of from a few tens of seconds to a few minutes 
are controlled by the governor free (GF) operation and relatively long period 
components of from a few minutes to several tens of minutes are controlled by 
the load frequency control (LFC). These control blocks used in this paper are 
shown in Figure 2 and Figure 3 [12]. A hydraulic generator speed governor 
model used in the simulation analyses is shown in Figure 2, where  

Sg: Rotation speed deviation 
65M: Load setting (Output reference value) 
77M: Load limit (65M + rated output × PLM [%]) 
PLM: Governor operating margin [%] (A percentage of the rated output) 
Pm: Turbine output 
Input values of 65M and 77M are shown in Table 2. Thermal generator speed 

governor model and the LFC system model used in the simulation analyses are  
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Figure 2. Hydro governor. 

 

 
Figure 3. Thermal governor. 

 
Table 2. 65 M and 77 M of each generator. 

 65 M (Load setting) 77 M (Load limit) 

SG1 LFC Signal LFC Signal + PLM 

SG2 0.8 0.84 

SG3 0.8 0.84 

 
shown in Figure 3 and Figure 4. Load frequency control (LFC) supplies output 
command signal to the power plants according to the frequency deviation. The 
LFC signal is input to 65M, and then, the output of each power plant is changed. 
The frequency deviation is input to the Low Pass Filter (LPF) to remove com-
ponents of short period as shown in Figure 4, and then LFC signal is generated 
through PI controller. This is because the LFC is used to control frequency fluc-
tuations with a long period of time. The angular frequency ωc (=2πf) of LPF is 
set to 0.005 [Hz]. The governor models used in this paper are based on the stan-
dard models of the Institute of Electrical Engineers of Japan. 

2.3. Wind Turbine Model 

Wind turbine model used in this paper is shown in Equations (1)-(5) [13]. 

( ) ( ) 2 31 2 , πwtb p wP C R Vρ λ β=                      (1) 

( ) ( )( )2 0.17, 1 2 0.022 5.6 epC λ β β − Γ= Γ − −                (2) 

( )Wtb wR Vλ ω=                           (3) 

( )( ) ( ) ( )3600 1609 , t pR C Cλ λ λ λΓ = =               (4) 

( ) ( ) 3 21 2 πM t wC R Vτ ρ λ=                      (5) 

where, Pwtb: wind turbine output [W], λ: tip speed ratio, R: wind turbine radius 
[m], ωWtb: wind turbine angular speed [rad/s], β: pitch angle [deg], Vw: wind  

https://doi.org/10.4236/jpee.2018.69007


K. Tada et al. 
 

 

DOI: 10.4236/jpee.2018.69007 53 Journal of Power and Energy Engineering 
 

 
Figure 4. LFC system. 

 
speed [m/s], ρ: air density [kg/m3], Cp: power coefficient, Ct: torque coefficient, 
τM: wind turbine torque [Nm]. 

2.4. PV System 

PV model used in this study is shown in Figure 5 [8]. In this study, the PV 
model is expressed by a simple model using current sources, in which kilowatts 
data, PPV [kW], is used. Therefore, PV current (IPV) is calculated from PPV [kW] 
and VPV [kV], and the obtained current (IPV) is entered to the grid from the cur-
rent sources. PV voltage (VPV) is fixed at 6.6 kV. 

2.5. HVDC System  

The HVDC system model used in this study is shown in Figure 6 [7] [9]. In this 
study, to shorten the calculation time of the simulation, the HVDC model is ex-
pressed by the simple model [11] using controlled voltage sources instead of 
IGBT based inverter and rectifier. 

2.5.1. Control Model of System Aa Side Converter 
The control block of the converter that converts from three-phase AC to DC 
voltage is designed as shown in Figure 7. First, the phase angle is obtained by 
detecting the phase voltage Vr from the three-phase terminal voltage at the con-
verter. Next, the d-axis and q-axis components (Ird, Irq) of the current are ob-
tained from the phase angle and the three-phase current. Active power Pr and 
reactive power Qr of the converter are controlled independently by the d-axis 
and the q-axis components. For this purpose, the d-axis and q-axis components 

( ),rd rqV V∗ ∗  of the voltage are obtained through the PI controller. An output ref-
erence value Pref is determined so as to suppress system frequency fluctuations 
(described later). Finally, the d-axis and q-axis voltages are converted to 
three-phase AC voltages. The parameters of PI controllers (PI1, PI2) are shown 
in Table 3. 

2.5.2. Control Model of System B Side Inverter 
The control block of the inverter that converts the DC voltage to the three-phase 
AC is designed as shown in Figure 8. As shown in Figure 8, the phase angle is 
obtained by detecting the phase voltage Vq from the three-phase terminal voltage 
at the inverter. Next, the d-axis and q-axis components (Iqd, Iqq) of the current 
are obtained from the phase angle and the three-phase current. DC voltage Vdc  
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Figure 5. PV model. 
 

 
Figure 6. VSC-HVDC simple model. 
 

 
Figure 7. Converter control system. 
 
of the HVDC line and reactive power output Qq of the inverter are controlled by 
the d-axis and q-axis components. For this purpose, the d-axis and q-axis com-
ponents ( ),qd qqV V∗ ∗  of the voltage are obtained through the PI controller. Fi-
nally, the d-axis and q-axis voltages are converted to three-phase AC voltages. 
The parameters of PI controllers (PI3, PI4) are shown in Table 3. 
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Figure 8. Inverter control system. 
 
Table 3. Parameters of PI controller. 

 PI1 PI2 PI3 PI4 

Proportional gain 0.1 0.1 1.0 0.1 

Integral time constant 0.01 1.0 0.1 1.0 

2.6. DC-Link Model  

The DC-Link model is shown in Figure 9, in which the DC-link voltage is ex-
pressed by Equation (6) [7] [9]. 

( )( )d d 1dc dc dc r qV t V C P P= −                    (6) 

where, Vdc: DC Voltage, Cdc: Capacitance of smoothing capacitor in the DC link 
(50,000 μF), Pr: Active power of the converter, Pq: Active power of the inverter. 
Rated voltage of the HVDC line is 250 kV. 

2.7. Proposed Methods for Frequency Control in HVDC  
Transmission Line 

2.7.1. Frequency Band Control Using Notch Filter  
Firstly frequency characteristics of System A are analyzed in order to clarify the 
frequency band in which the synchronous generators and their frequency con-
trol systems in System A cannot suppress frequency fluctuations sufficiently. In 
order to perform the frequency characteristic analysis, System A of Figure 1 is 
expressed by using the simple frequency block model shown in Figure 10 [14] 
[15]. Figure 11 shows the result of frequency characteristics of System A, in 
which X-axis denotes frequency of input power variation and Y-axis denotes the 
maximum frequency deviation in System A. “No frequency control” in Figure 
11 shows the result calculated from transfer function from output variations of 
WF and PV to frequency variations of System A, which is obtained from the 
frequency block model. 

Next, in order to construct a control system for HVDC line, a notch filter has 
been designed. The role of the filter is to decrease the frequency components 
that the synchronous generators and their frequency control systems in System  
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Figure 9. DC-Link control block. 

 

 
Figure 10. Simple frequency block model. 

 

 
Figure 11. Frequency characteristics of System A. 
 
A cannot suppress sufficiently. Since the permissible range of power system fre-
quency deviation in Japan is, in general, within ± 0.2 Hz, the filter is designed so 
that the maximum frequency deviation is equivalent to 0.2 Hz. “with Notch fil-
ter” in Figure 11 are the results. In this paper, the transfer functions of the de-
signed notch filter is shown in Equation (7), where ζ1 is damping coefficient, ωc1 
is center angular frequency, and their values are set to ζ1 = 4.9, ωc1 = 0.387 re-
spectively. 

( ) ( ) ( )2 2 2 2
1 1 1 12c c cnotchH s s s sω ζ ω ω= + + +                 (7) 

Figure 12 shows a block diagram to determine reference output of HVDC 
transmission line, where Δf is the frequency deviation in System A and Pref is the 
reference for HVDC line power. In the case of the proposed method, by passing 
Δf through the notch filter and subtracting the filter output from Δf, the fluctu-
ating frequency components that cannot be suppressed sufficiently is obtained, 
and finally, by adding the steady state reference value for HVDC line power, PDC0 
(=0.5 [p.u.] in this study), to it, Pref is determined. Pref is limited within PDC0 ± 0.1 
[p.u.] by using the hard limiter as shown in Figure 12 in order to suppress the  
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Figure 12. Block diagram to determine HVDC line output using notch filter. 
 
fluctuations of HVDC line power. P gain in Figure 12 is set to %KG = 15.0, 
which is the system constant of System A. The equation about the system con-
stant %KG is shown in Equation (8). KG is the amount of total generator output 
which needs to change the system frequency by 1 [Hz]. 

( )% 100 sum of the Rated Capacities of Parallel GeneratorG GK K= ×    (8) 

2.7.2. Frequency Control Using Deadband 
Figure 13 shows a block diagram of the proposed frequency control with dead-
band [16] [17] for the HVDC line, where Pref denotes a reference for HVDC line 
power flow and it is determined according to the frequency deviation ∆f [Hz] of 
the main system (System A). In Figure 13, ∆P = 0 when ∆f [Hz] is less than the 
threshold value “a” [Hz] in the deadband, and ∆f * P gain is sent to the adder 
when ∆f [Hz] is greater than the threshold value. Target value Pref of the HVDC 
line flow is calculated by adding ∆P to the steady state reference value, PDC0 (= 
0.5 [p.u.] in this study). Pref is limited within PDC0 ± 0.1 [p.u.] by using the hard 
limiter as shown in Figure 13 also in this case. Therefore, HVDC line flow is 
composed of compensating component for the frequency fluctuations and the 
steady state reference. In Figure 14, the output image of the deadband is shown. 
The threshold value “a” of the deadband is set to 0.05 [Hz] in this paper, and P 
gain is set to %KG = 15.0, which is the system constant of System A. The equa-
tion about the system constant %KG is shown in Equation (8). 

3. Simulation Results 

To confirm the effectiveness of the proposed methods, simulation analyses for 
the model system of Figure 1 are performed on PSCAD/EMTDC software for 
the three cases; Case 1: No frequency control, Case 2: Frequency control with 
Notch filter in Figure 12, Case 3: Frequency control with Deadband shown in 
Figure 13. These 3 cases are shown in Table 4. The wind speed data shown in 
Figure 15 is input into the wind turbine model in the simulation analyses. This 
is real wind speed data measured in Hokkaido Island, Japan. The calculated 
output of wind turbine generator is shown in Figure 16. The PV output data 
shown in Figure 17 is used in the simulation analyses. This is also real PV data 
measured in Hokkaido Island, Japan. The total of this output of wind turbine 
generator and PV station is shown in Figure 18. 

Simulation results of 3 cases are shown in Figure 19 and Figure 20. Figure 19 
shows responses of System A frequency and it is seen the frequency variations 
exceed ±0.2 Hz in Case 1 (No frequency control), but the frequency variations  

https://doi.org/10.4236/jpee.2018.69007


K. Tada et al. 
 

 

DOI: 10.4236/jpee.2018.69007 58 Journal of Power and Energy Engineering 
 

 
Figure 13. Block diagram to determine HVDC line output using deadband. 
 

 
Figure 14. Output image in deadband. 

 

 
Figure 15. Wind speed data. 
 

 
Figure 16. Output of wind power generator. 
 
are well controlled in Case 2 (Frequency control with Notch filter) and Case 3 
(Frequency control with Deadband). Figure 20 shows power flow of HVDC 
transmission line, from which it is seen that the fluctuations of the HVDC line 
power in Case 3 are much less than those in Case 2. Table 5 shows the maximum  
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Figure 17. Output of PV station. 
 

 
Figure 18. Total output of WF and PV. 
 

 
Figure 19. (a) Comparison of system frequency. (b) Comparison of system frequency 
(enlarged). 
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Figure 20. (a) Comparison of HVDC transmission power. (b) Comparison of HVDC 
transmission power (enlarged). 
 
Table 4. Study cases. 

Case Description 

1 
No frequency control 

(HVDC transmission power is set to 0.5 p.u.) 

2 
Frequency control with Notch filter 

(HVDC transmission power is controlled within 0.5 ± 0.1 p.u.) 

3 
Frequency control with Deadband 

(HVDC transmission power is controlled within 0.5 ± 0.1 p.u.) 

 
Table 5. Maximum deviation and standard deviation of system frequency. 

 
Case 1 

(No Frequency 
control ) 

Case 2 
(Frequency control 
with Notch filter) 

Case 3 
(Frequency control 

with Deadband) 

Maximum Frequency 
Deviation +∆f [Hz] 

0.234 0.182 0.179 

Maximum Frequency 
Deviation −∆f [Hz] 

−0.225 −0.184 −0.172 

Standard Deviation [Hz] 0.0805 0.0728 0.0704 

 
deviation and standard deviation of the system frequency fluctuations, from 
which it is also seen that the system frequency fluctuations can be suppressed ef-
fectively in Case 2 and Case 3. Table 6 shows the maximum deviation and  
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Table 6. Maximum deviation and standard deviation of HVDC line power. 

 
Case 1 

(No Frequency 
control) 

Case 2 
(Frequency control 
with Notch filter) 

Case 3 
(Frequency control 

with Deadband) 

Maximum Deviation 
of HVDC power 

+∆Pref [p.u.] 
0.0 0.100 0.100 

Maximum Deviation 
of HVDC power 

−∆Pref [p.u.] 
0.0 −0.100 −0.100 

Standard Deviation 
of HVDC power [p.u.] 

0.0 0.0561 0.0438 

 
standard deviation of the HVDC line power, from which it is also seen that the 
HVDC power fluctuations can be suppressed effectively in Case 3. 

4. Discussion 

In the simulation analysis of Section 3, two proposed methods for stabilizing the 
frequency fluctuations of system A have been analyzed. From Table 5, it is seen 
that the frequency control using the deadband (Case 3) can suppress the fre-
quency fluctuations slightly more than the frequency control using the notch fil-
ter (Case 2). This is because, the frequency control based on the notch filter 
suppresses the frequency fluctuations just within ±0.2 Hz while the control using 
deadband suppresses all components of the frequency fluctuations whenever the 
fluctuations become over the threshold value. On the other hand, it is seen from 
Table 6 that the standard deviation of the HVDC line power flow is less in the 
frequency control using the deadband (Case 3) than in the control using the 
notch filter (Case 2). This is because the HVDC line power in Case 2 always 
fluctuates while the HVDC line power in Case 3 does not so fluctuate as can be 
seen from Figure 20. HVDC line power control always activates in Case 2 but it 
activates in Case 3 only when the frequency fluctuations become over the thre-
shold value. Therefore the HVDC line power flow fluctuations are less in Case 3 
than Case 2. Considering these aspects, it is concluded that the frequency control 
using the deadband (Case 3) is superior to the frequency control using the notch 
filter (Case 2). 

5. Conclusion 

In order to suppress the frequency fluctuations in the power system with large 
amount of PV and WF installed, two methods of frequency control based on the 
power flow control of HVDC interconnection line are proposed in this paper, 
and their validity is examined through simulation analyses. As a result, it is 
shown that both methods can suppress the frequency fluctuations effectively. 
Considering the ability to suppress the system frequency fluctuations with fewer 
fluctuations in HVDC line power flow, however, it can be concluded that the 
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frequency control using the deadband is superior to the frequency control using 
the notch filter. Therefore, this paper recommends the frequency control using 
the deadband for suppressing the frequency fluctuations in the power system 
with large amount of wind power generation and solar power generation. The 
proposed method can contribute to a design of frequency control system of 
power system which includes large amount of wind power generation and solar 
power generation and is connected to other power system through a HVDC in-
terconnection line. The authors are planning to include the balancing control of 
the HVDC line into the proposed method. 
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