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Abstract: Frequency support capability is becoming an important requirement for wind turbines,
as wind power is increasingly integrated into power systems. In this paper, a frequency controller
is implemented and validated. Such a controller allows wind turbines to help regulate the system
frequency automatically and includes virtual inertia to help limit the rate of change of frequency.
Compared with other methods, the controller achieves satisfactory frequency support capability
with considerable simplicity. The controller is added to the grid‐side converter controls, together
with cascaded inner loops, which enables wind turbines to operate in grid‐forming mode with
overcurrent protection. The influence of the controller parameters on the frequency response is
investigated.
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Wind energy is playing an increasingly important role in power systems. The total
installed capacity of wind power has already surpassed 205 GW in Europe, and wind
energy provided 15% of the electricity consumption in the EU countries in 2019 [1]. As
more inverter‐based‐resources (IBR) is integrated into power systems and traditional
generation units are decommissioned, the total inertia of the power system is decreasing
[2–4]. As inertia plays an important role in limiting the rate of change of frequency
(RoCoF) during frequency events, it is becoming more challenging to ensure power sys‐
tem frequency stability. Reduced inertia can result in larger RoCoF, which can cause
generation to disconnect [5]. Generators will have to comply with stricter grid code re‐
quirements on the RoCoF withstand capability [6,7]. Lower inertia also contributes to
lower frequency nadirs during underfrequency events, which may trigger undesirable
underfrequency load shedding [8]. This issue needs to be carefully addressed in power
systems with increasing IBR.
One method of limiting the RoCoF in such systems during frequency events is
having IBR respond to such events by manipulating their production in proportion to the
RoCoF [9]. Such a method usually relies on PLLs to estimate the frequency from local
voltage measurements, before its rate of change can be calculated. An additional torque
or active power signal, proportional to the estimated RoCoF, is added to the original
reference. In this way, additional active power is provided by a wind turbine (WT) to
support the frequency during an underfrequency event.
However, a disadvantage of this method comes from the estimation of frequency and
its rate of change. Firstly, considerable time lag is accumulated in the process, from sam‐
pling, filtering, and digital signal processing. Such a time lag, usually ranging from 0.5 to 1
s [6], degrades the inertial response and fast frequency regulation, which take place within
the first few seconds (typically 5–10 s). Secondly, calculation of the derivative of frequency
typically induces noise to the control system, which may lead to instability. Removing such
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noise by processing the resulting signal can also result in further time lag.
Furthermore, aforementioned problems of frequency estimation become even more
prominent in weak grids because of distorted voltage measurements [10,11]. This method
operates an RES as a current source, while operating multiple current sources is prone to
lead to instability [12]. This is also termed as grid‐following control. Challenges can also
arise for synchronization of grid‐following control in weak grids where voltages are
distorted. The synchronization instability can lead to sideband oscillations in voltages
and currents [13]. Moreover, an RES in the grid‐following control mode cannot operate as
the only power source in an islanded or isolated microgrid, in which a grid‐forming
power source is needed.
A second‐order‐model implementation of the virtual synchronous machine (VSM)
control concept can provide the grid‐forming control mode and virtual inertial response
simultaneously. Generally, VSMs are control schemes applied to converters, which can
allow IBR to emulate the behavior of conventional power plants.
Until now, several VSM control schemes have been proposed. Most of them are
trying to include the synchronous machines’ (SMs’) model as much as possible, like a
complete SM model in the first proposal [14] or a fifth‐order SM model without rotor
damper windings in [15]. This is an intuitive direction to work towards at the early stage
of this concept. However, this not only obtains the desired characteristics for frequency
control from a conventional power plant, but also brings complexity by including the de‐
tailed electromagnetic interactions from an SM. The more complex this nonlinear system is,
the more difficult implementation will be, and numerical instability might also be a prob‐
lem. In such a manner, undesired properties of an SM, like a loss of stability or subsyn‐
chronous oscillations, may also occur in a VSM‐controlled system [15]. In addition, the
concept of VSM control was first widely discussed for microgrid applications. Hence most
schemes also contain a reactive power control block [16,17]. However, this block is likely to
cause power coupling issues or power ripples depending on the gain [18].
In this paper, focus is given to frequency support capability from WTs. A frequency
controller is proposed, which has a simplified emulation of a conventional power plant
for satisfactory frequency support capability. Only the swing equation and frequen‐
cy‐active power (f‐P) droop control are implemented and in the swing equation, only the
inertia constant is included, to regulate the virtual inertial response at the beginning of a
frequency event. The frequency controller is added to the grid‐side converter (GSC) con‐
trol, together with cascaded inner loops. The influence of the controller parameters (inertia
constant and droop coefficient) on the frequency response is investigated in detail.
The rest of the paper is organized as follows. Section 2 describes the proposed fre‐
quency controller (FC) and GSC control scheme. Influence of the inertia constant and
droop coefficient in the FC on the frequency response of the GSC is illustrated in Section
3, before concluding in Section 4.
2. Modeling and Control of the GSC
The GSC control scheme comprises an internal current feedback loop. For this loop,
a synchronous vector controller is used, with two PI compensators of current vector
components defined in rotating synchronous coordinates dq. With this controller, it is
easy to perform the open‐loop test of the inverter and achieve ideally impressed currents,
which improves the power quality [19].
The current loop is tuned using the loop shaping method for a bandwidth of 200 Hz.
The outer of it is a voltage loop. Both of them use classical configurations [20].
The voltage loop is tuned using the symmetrical optimum method so that the re‐
sulting closed‐loop system has a triple real pole (and a phase margin of approximately
53°, as a consequence). To eliminate overshoot caused by the lead terms in the PI con‐
trollers, lag terms are introduced into the scheme via first‐order low‐pass prefiltering of
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the reference voltage v*f _ dq . With such prefiltering, the voltage loop bandwidth is re‐
duced to about 34 Hz.
An active damping term is added to the converter voltage reference vc* _ dq for sup‐
pressing LC oscillations in the converter filter [21,22].
Frequency Controller
In this work, consideration is given solely to primary frequency control (PFC) for the
frequency support capability. The proposed frequency controller (FC) provides two dif‐
ferent functions for frequency support: virtual inertia and droop control. This simplicity
helps to maintain the advantages of converter control, like flexibility and rapidity. The
frequency controller (FC) emulates the swing equation for virtual inertial response and
includes f‐P droop control for primary frequency control (PFC).
The dynamic equation of rotational motion of an SM (1), commonly referred to as
the swing equation, describes the swings in rotor angle caused by unbalances between
the electromagnetic (air‐gap) torque and the mechanical input torque in an SM. The
torque imbalance causes the rotor to accelerate or decelerate. This changes the relative
angle between the electromotive force created by the magnetic field in the rotor of the SM
and the terminal voltage in the stator. Variation of this angle difference results in a vari‐
ation of electromagnetic torque according to the power–angle relationship.
The swing equation can be written as [23]

2 H d 2
 Tm  Te
n dt 2

(1)

where
H = inertia constant in MWꞏs/MVA;
n = rated angular velocity in electrical rad/s;
δ = angular position in electrical radians;
t = time in s;
Tm = mechanical torque in per unit (pu);
Te = electromagnetic torque in per unit (pu).
For analyzing its dynamics, it is expressed in the state‐space form, becoming
d  r
1
(Tm  Te )

2H
dt

(2)

d
  n  r
dt

(3)

where

r = angular velocity in electrical rad/s;
r = deviation of angular velocity in pu
= (r  n ) / n .
The emulation of swing equation plays a critical role in the FC. In the scheme, the
aforementioned power angle δ becomes a control target, which is obtained from integra‐
tion of virtual rotating speed ω, obtained as the output of (2), with the power imbalance
as input. The power imbalance is the deviation of active power measured at the point of
connection (PoC) from the power reference.
From (2) it is easy to get that a large inertia (reflected by the value of H) is beneficial
to limit the value of d r / dt , for a certain torque imbalance (Tm  Te ) . The value of
d r / dt is equivalent to RoCoF, which is one of the two key metrics for evaluating the
performance of frequency support capability. This is how conventional power plants
help to maintain the frequency stability by avoiding a large RoCoF because of the cou‐
pling between SMs’ rotating speed and system frequency. By emulating the swing equa‐
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tion in the FC, the power source shows the same inertial response as a conventional
power plant in a frequency event. The RoCoF thereby is limited by the virtual inertia.
This is how this FC helps to maintain the same frequency stability of a power system
even with more and more IBR being integrated.
The inertia constant H has a relatively small range of variation in terms of different
types of conventional power plants, typically in the range of 2–10 [23]. It is determined by
their type and size.
However, for the FC, its virtual inertia constant is a control parameter that can be
manipulated. This becomes an advantage for virtual inertial response in frequency sup‐
port. The inertia constant can also be adjusted in real time to achieve a faster and more
stable operation. Different values (even negative) can be used in different phases of os‐
cillations (acceleration or deceleration) to achieve a better damping of oscillations [24,25].
The governor with a speed‐droop characteristic in a conventional power plant is
characterized as a proportional controller with a gain of 1/ Dr .
The parameter Dr , referred to as speed regulation or droop coefficient, determines
the steady‐state speed versus load characteristic of an SM and its prime mover. It is equal
to the ratio of speed deviation (∆ω) or frequency deviation (∆f) to change in active power
output (∆P) or torque output (∆T). In this paper, the parameters in our control scheme are
all in per unit.
The governor regulates the mechanical power input of the prime mover according to
the change of grid frequency and brings the frequency back to a new steady state in the
PFC process. This is the second role, apart from inertial response, that conventional
power plants play in maintaining the frequency stability. The frequency deviation is
mainly determined by the value of power imbalance and is essentially reduced by re‐
ducing the power imbalance between generation and load. There are two key metrics for
evaluating the performance of frequency support capability: RoCoF and extremum (na‐
dir or zenith) of frequency. As discussed before, RoCoF in the inertial response process is
mainly determined by the inertia constant. Extremum of frequency in the whole PFC
process is mainly influenced by the droop coefficient.
The GSC control scheme is shown in Figure 1.

Figure 1. Investigated grid‐side converter (GSC) control scheme.
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3. Simulation Results
Dynamic simulations were performed to verify the feasibility of the GSC control
scheme. The influence of the two FC parameters on the frequency response was also in‐
vestigated. RoCoF and frequency nadir were calculated to assess the performance of the
controls during an underfrequency event.
The power system simulated is shown in Figure 2. The model is implemented in
MATLAB Simulink. In this system, a GSC is connected to a synchronous generator (SG)
and a load via a line with resistance Rl and inductance Ll . An underfrequency event
was simulated at t  8 s by means of a 0.2 pu load increase. The parameters for the GSC,
SG, and line are given in Tables A1–A3 in the Appendix A.
For the SG, the delay in an SG frequency response depends on the types of governor
and turbine. In this paper, the delays in the SG (representing time lags of the governor
and the steam turbine) are linearly represented by first‐order transfer functions, appro‐
priate for load‐frequency analysis. The governor time constant Tg has a typical value of
0.2 s, resulting in a delay of 3–5 s [23].
For the GSC, we used an average model, therefore omitted PWM.

Figure 2. The simulation model.

The electric circuits of the model are in physical units, while the GSC control scheme
is in per unit. The base power is defined from the total apparent power rating of the SG or
GSC. The base voltage is the peak value of rated phase‐to‐ground voltage. Transfor‐
mation from abc to dq frame is based on the amplitude‐invariant Park transformation [23].
3.1. Influence on Dynamic Response
The influence of the FC’s inertia constant and droop coefficient on the system’s dy‐
namic response was investigated by performing a parametric sensitivity analysis. The
dynamic response of the relevant variables was plotted for different parameter values to
assess its influence.
Firstly, we varied the value of inertia constant H in the FC, from 2 to 6 Wꞏs/VA, in
unitary steps while the droop coefficient Dr was kept constant at 0.05. The results are
shown in Figures 3 and 4. Secondly, we changed the value of droop coefficient Dr in the
FC from 0.03 to 0.07, with a step of 0.01 while the inertia constant H was kept constant at 4
Wꞏs/VA. The results are shown in Figures 5 and 6. In both cases, the parameters of the SG
were not changed. In the figures, the mechanical power of GSC was the active power
reference for its controls ( Tm  T in Figure 1).
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Figure 3. Influence of the inertia constant H on the virtual rotating speed of FC (H_SG = 4 W∙s/VA,
Dr _ FC  Dr _ SG  0.05 ).

Figure 4. Influence of the inertia constant H on the system’s response (H_SG = 4 W∙s/VA, Dr _ FC  Dr _ SG  0.05 ).

From Figure 4 we can see that a larger value of inertia constant made the system
more damped. From the responses of active power, we could see the interaction between
these two generation units and the complementary nature of their outputs. The larger the
difference between their inertia constants, the more evident the interaction and comple‐
mentariness were. From the responses of mechanical power, we could see the slower re‐
action of the SG because of, e.g., the speed relay or servomotor in its governor, while
converter control had the advantage of a fast response, which is important in fast fre‐
quency support.
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Figure 5. Influence of the droop coefficient Dr on the virtual rotating speed of FC (H_FC = H_SG
= 4 W∙s/VA, Dr _ SG  0.05 ).

Figure 6. Influence of the droop coefficient Dr on the virtual rotating speed of FC (H_FC = H_SG = 4 W∙s/VA,

Dr _ SG  0.05 ).
From Figure 6, we can see that droop coefficient did not have as much influence as
the inertia constant on system damping. With different values of the droop coefficient,
the responses were similar in shape. The responses of active power and mechanical
power also proved the correct load sharing between these two units with different droop
coefficients.
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3.2. Influence on RoCoF and Frequency Nadir
The focus now is on the impact of inertia constant H and droop coefficient Dr on
the RoCoF and nadir of frequency after an underfrequency event, for each combination of
H and Dr . The results are shown in Figures 7 and 8.

Figure 7. Influence of H and Dr on RoCoF.

Figure 8. Influence of H and Dr on nadir of frequency.

From the results, we could get the following conclusions:
(1) An increase of inertia constant decreased RoCoF, which is desirable for frequency
support.
(2) Droop coefficient had little influence on RoCoF, which was slightly reduced with
decreasing droop coefficient.
(3) RoCoF was mainly influenced by inertia constant.
(4) Inertia constant had little influence on nadir, which was slightly improved when
increasing inertia constant. A higher nadir is desirable for frequency support.
(5) A decrease of droop coefficient increased nadir.
(6) Nadir of frequency was mainly influenced by droop coefficient.
Therefore, from the perspective of frequency support, it is desirable to have a larger
inertia constant and a smaller droop coefficient.
To design appropriate values for inertia constant and droop coefficient in the FC, not
only its frequency support capability needs to be evaluated, but also system stability
should be considered. Moreover, the exact value of inertia constant also depends, among
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others, on the grid codes regarding PFC and converter ratings. The recommendation of
exact values of inertia constant will be our future work, considering more practical ap‐
plication scenarios and constraints.
Although a smaller droop coefficient is beneficial for frequency support, a lower
value also means increased power needed to be extracted from a WT to support the fre‐
quency. This is limited by the ratings of the turbine, the generator, the converter, or by
the available energy (from wind or storage). In addition, rating translates into higher
cost, which is a big concern in industrial applications. Furthermore, this value of the
droop coefficient may also be regulated by grid codes. Same as the inertia constant,
recommendation of an exact value of droop coefficient will be our future work, after
considering more practical application scenarios and constraints.
4. Conclusions
In this paper, we proposed a frequency controller in the GSC control scheme, which
aimed to enhance WTs’ frequency support capability. The frequency controller only em‐
ulated the swing equation for virtual inertial response and included f‐P droop control for
the primary frequency control. Compared with other methods in the literature, the pro‐
posed frequency controller achieved satisfactory frequency support with considerable
simplicity. Cascaded inner loops enable WTs to operate in the grid‐forming mode with
overcurrent protection. Simulations proved correct operations of the proposed frequency
controller and GSC control scheme.
In a system with the FC‐controlled GSC connected with a SG, we investigated the
influence of parameters in the frequency controller, inertia constant, and droop coeffi‐
cient, on the system’s dynamic responses and frequency support performance. RoCoF
and nadir of frequency were used as metrics in an underfrequency event. From the re‐
sults, we concluded that a larger inertia constant was beneficial for frequency support,
which reduced RoCoF and improved nadir. Similarly, a smaller droop coefficient was
advantageous for frequency support, which decreased RoCoF and increased nadir. In
addition, RoCoF was mainly influenced by inertia constant, while nadir was mainly af‐
fected by the droop coefficient.
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Appendix A
A salient pole rotor was modeled in the SG, hence there was no parameter q axis
transient reactance X q , open‐circuit ( Tqo ), or short‐circuit ( Tq ) time constant. The d axis
is the short‐circuit and q axis is the open‐circuit.
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Table A1. Per unit representation and simulation settings.
Parameter
Value
Parameter
Power base, Sb
Inductance base, Lb  Zb / b
10 kVA

Value
0.0509 H

Voltage base (phase‐to‐ground, peak), Vb

326.5986 V

Capacitance base, Cb  1/ Zb / b

1.9894 × 10−4 F

Current base, I b  Sb / Vb  2 / 3

20.4124 A

Simulation time step, Ts

160 × 10−6 s

Impedance base, Zb  Vb / Ib

16 Ω

Initial power set point of GSC, Pref _ VSM

0.5 pu

Frequency base, f b

50 Hz

Initial power set point of SG, Pref _ SG

0.5 pu

Angular speed base, b  2 fb

314.1593 rad/s

Table A2. Parameters of the wind turbine (WT) GSC.

Parameter
Nominal active power, Pn

10 kW

Value

Parameter
Filter capacitance, C f

0.05 pu

Nominal voltage (phase‐to‐phase, RMS),
Vn

400 V

Current loop time constant,  c

7.9577 × 10−4 s

Nominal current (RMS), I n

14.43 A

Current loop proportional gain, K pc

0.4

Nominal frequency, f n

50 Hz

Current loop integral gain, Kic

0.1571

800 V

Voltage loop proportional gain, K pv

0.0667

DC‐link voltage, VDC

Value

Converter switch‐on resistance, Ron

1× 10−3 Ω

Filter resistance, R f

1× 10−3 Ω

Voltage loop reciprocal of integration time,
z
Inertia constant, H

0.1 pu

Droop coefficient, Dr

Filter inductance, L f

139.6263
4 W∙s/VA
0.05

Table A3. Parameters of the synchronous generator (SG) and line.

Parameter

Value

Capacity, S n

10 kVA

Nominal voltage (phase‐to‐phase, RMS),
Vn

400 V

Nominal current (RMS), I n

14.43 A

Nominal frequency, f n

50 Hz
1
1.305 pu

Number of pole pairs
d axis synchronous reactance, X d

Parameter
d axis transient short‐circuit time constant,
Td 

d axis subtransient short‐circuit time
constant, Td 
q axis subtransient open‐circuit time constant,
Tqo

Stator resistance, Rs

Value
1.01 s
0.053 s
0.1 s
2.8544 × 10−3 pu
0
4 W∙s/VA

0.296 pu

Friction factor, F
Inertia constant, H
Droop coefficient, Dr

X d 

0.252 pu

Governor time constant, Tg

0.2 s

q axis synchronous reactance, X q

0.474 pu

Steam turbine time constant, Tch

0.3 s

0.243 pu

Line resistance, Rl
Line inductance, Ll

0.01 pu

d axis transient reactance,

X d

d axis subtransient reactance,
q axis subtransient reactance,
Leakage reactance, X l

X q

0.18 pu

0.05

0.2 pu
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