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Coordination of Virtual Inertia Control and 
Frequency Damping in PV Systems for Optimal 

Frequency Support
Qiao Peng, Yongheng Yang, Tianqi Liu, and Frede Blaabjerg

Abstract—The photovoltaic (PV) systems are being required 
to support the grid more flexibly than ever before. One of the 
emerging demands is the frequency regulation, including the 
virtual inertia control (VIC) and the frequency damping control 
(FDC). To achieve the full-range frequency regulation, i.e., to deal 
with under-frequency and over-frequency issues, power reserve 
is necessary for PV systems, which should be properly utilized 
to realize optimal frequency support. In this context, a novel 
coordination strategy for the VIC and the FDC in PV systems 
is proposed in this paper. According to relevant grid codes, the 
key indices to evaluate the frequency quality are identified at 
first, i.e., the rate of change of frequency (RoCoF), the frequency 
nadir, and the recovery frequency. Then, the impact of the inertia 
constant and damping gain on the frequency quality is explored. 
Accordingly, the coordination strategy of the VIC and the FDC 
is designed to achieve optimal frequency support with a certain 
amount of power reserve. Simulations are performed to validate 
the performance of the proposed control strategy.

Index Terms—Frequency damping, frequency stability, photo-
voltaic (PV) system, power electronic converters, swing equation, 
virtual inertia control (VIC).  

I. Introduction

THE global energy revolution is calling for power system 
reconstruction with more renewable energy. In such a 

context, the modern power system is becoming dominated 
by power electronics to integrate renewable energy, which 
achieves an environmental-friendly power system with consid-
erable possibilities for it to become more flexible and func-
tional [1]. However, the wide application of power electronics 
introduces stability issues to the power system as well [2]. 
For instance, with the conventional synchronous generators 
(SGs) being replaced by distributed power generation systems 
(DPGSs), it becomes relatively difficult to regulate the grid 
frequency [3]. In the SG-controlled system, the mechanical 
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inertia and damping of the rotors determine the frequency 
characteristics [4]. Consequently, the DPGSs, which are gen-
erally a combination of renewable energy sources and power 
converters, should be developed to be active in the grid by 
providing cost-effective grid support, e.g., the frequency reg-
ulation. This becomes mandatory in more and more countries 
and/or required by international organizations [5]–[7]. 

The photovoltaic (PV) system, which takes a non-negligible 
proportion of the worldwide renewable energy [8], is being ex-
pected to contribute more to the power system transition. Ac-
cordingly, different frequency control schemes for PV systems 
have been developed. For instance, the DC-link voltage control 
in the PV systems was modified in [9] to emulate virtual 
inertia. A synchronous power controller was proposed in [10] 
to provide virtual inertia from the PV system, which was 
then adopted for large-scale PV plants [11]. However, these 
solutions use energy storage units, e.g., DC-link capacitors or 
additional batteries to realize the inertia emulation, where the 
power regulation capability of PV systems is not maximized. 
To facilitate the virtual inertia control (VIC) and frequency 
damping control (FDC) by regulating the power from PV 
systems, appropriate measures should be taken toward grid-
friendly systems. 

Conventionally, PV systems are controlled by a maximum 
power point tracking (MPPT) algorithm to optimize the en-
ergy yield, where the PV systems constantly operate at the 
maximum power point (MPP). However, with the increasing 
interest in the flexible power generation as aforementioned, 
PV systems should be able to regulate the output power more 
adaptively upon demand, e.g., increasing the PV power when 
the load increases [12]. To achieve so, reserving a certain 
amount of power is essential for modern PV systems. Various 
power reserve control strategies of PV systems were then 
proposed in the literature, which can be based on incorporating 
additional sensors [13], master-slave operation of multiple 
PV units (the MPP was tracked by (a) master PV unit(s) and 
sent to the slave units) [14], curve-fitting algorithms [15], or 
periodical MPPT-execution (the real-time MPP was measured 
by an MPPT algorithm and then the power reserve point could 
be identified) [16], [17]. 

Conventionally, the PV systems operating at the MPP can 
only deal with the over-frequency issues without support 
from the energy storage units. With the above-reviewed 
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power reserve control, it becomes possible for PV systems to 
provide full-range frequency support in a way to tackle the 
over-frequency and under-frequency issues. Specifically, the 
FDC, similar to the primary frequency control of SGs, can be 
carried out, where the PV power (e.g., the reserved power) is 
regulated in proportion to the grid frequency deviation [13], 
[18]. On the other hand, the swing equation can be emulated 
in the PV power controller to provide virtual inertia [19], [20]. 
Alternatively, the virtual inertia can be provided by the PV 
systems with a droop controller, i.e., from the rate of change 
of frequency (RoCoF) to the PV power reference [21], [22]. 
However, the tuning of the control gains and the coordination 
between the frequency controllers have not been sufficiently 
addressed in the literature, which strongly determines the 
control performance and further the power system stability 
with a high penetration of PV systems.

To tackle this issue, the VIC and FDC for virtual syn-
chronous generators (VSGs) and virtual synchronous machines 
(VSMs) can be benchmarked and referred to [23], [24], where 
the inertia constant and the damping gain can be selected 
according to the operation experience from the SGs, or be 
calculated according to desired transient stability of the active 
power loop [25]. Moreover, they can also be designed by 
system-level optimization for improved frequency stability 
of the entire system [26]. Nevertheless, the frequency control 
gains were pre-designed to be fixed in these schemes, which 
may not efficiently utilize the regulation capability of DPGSs. 
In certain cases, the fixed-parameter design may lose its 
capability to maintain the system operation. 

In fact, different from the SGs, of which the fixed inertia 
constant and damping gain are naturally determined by the 
mechanical characteristics of the rotors, the virtual inertia 
and frequency damping emulated by DPGSs, e.g., the VSGs 
and PV systems, can be flexibly adjusted. To support the grid 
frequency more flexibly, the adaptive inertia and frequency 
damping control of the VSGs was discussed in the literature. 
For example, the inertia constant of the VSGs can be reduced 
when the frequency goes back to the initial state during an 
oscillation [27], which effectively reduces the frequency 
deviation. Inspired by this, the adaptive damping gain of the 
VSGs was additionally considered in [28], [29] to further 
shorten the frequency stabilization settling time. However, 
the effectiveness of these control methods in steady-state 
frequency deviation reduction has not been validated. More-
over, the limitation of the available peak power for frequency 
regulation was not considered for the VSGs, where the energy 
for regulation was from associated energy storage systems 
(ESSs) that were usually assumed to have exceptionally large 
capacities. Other attempts were also made in the literature to 
tune the VSG control parameters in real-time to reduce the 
transient power provided by the ESSs while improving the 
grid frequency dynamic under disturbances. In those cases, 
optimization methods [30] or advanced artificial intelligence 
algorithms [31] can be employed. Nevertheless, although the 
entire energy consumption is effectively reduced for cost-
oriented operation, the available power limitation has been 

ignored as well, which is, however, the key to the frequency 
control of PV systems. 

Especially in PV systems, considering that the reserved 
power is usually unchanged during a certain period, no matter 
which power reserve control method is applied, the reserved 
power should be properly coordinated within the VIC and 
FDC. Only in this way, the power regulation capability of PV 
systems can be maximized, and optimal and cost-effective 
frequency support is then achieved. Thus, to improve the grid 
frequency quality, this paper proposes a novel coordination 
strategy of the VIC and FDC for PV systems. To highlight 
the contribution of the proposed control strategy to optimal 
power reserve utilization, the under-frequency issues are 
exemplified in this paper. Notably, it is also feasible in over-
frequency issues in terms of optimal frequency support. The 
rest of the paper is organized as follows. The control of PV 
systems, including the power reserve control, is introduced in 
Section II to lay the foundation for frequency regulation. The 
frequency quality requirement from relevant grid codes and 
the impact of the VIC and FDC on the frequency quality are 
explored in Section III. Accordingly, the coordination strategy 
of the VIC and FDC for PV systems with a certain amount of 
power reserve is proposed in Section IV, and the efficacy of 
the proposed strategy is validated by simulations in Section V. 
Finally, the conclusion is given in Section VI. 

II. Control of PV Systems With Power Reserve

The energy yield from PV systems is highly dependent 
on the solar irradiance and the ambient temperature, and 
the power-voltage (P-V) curve of PV panels with different 
irradiance levels is shown in Fig. 1. As seen in Fig. 1, with 
the increasing PV voltage, the PV power will increase first 
and decrease, which generates an inflection point on the P-V 
curve, referring to as the MPP. Conventionally, the PV system 
adopts an MPPT algorithm to maximize the power generation. 
However, with the demand of flexible power support, the 
power reserve control of PV systems is expected, as shown in 
Fig. 1. Notably, the maximum PV power, Pmax

pv   , is measured by 
the power reserve control strategy in real-time [13]–[17], while 

Fig. 1.  Illustration of the power reserve operation (power-voltage curves) of 
PV systems, where Pmax

pv   and Pres are the maximum PV power and the power  
reserve, vmax

pv   is the PV voltage corresponding to Pmax
pv  (MPP – maximum power 

point, L-PRP – left power reserve point, R-PRP – right power reserve point). 



307

the power reserve, Pres, is usually set by the system operator. 
As it is out of the scope of this paper, the details on the power 
reserve control are not demonstrated. To achieve the power 
reserve, the PV system should operate at the power reserve 
point (PRP) instead of the MPP. Due to the non-monotonic P-V 
relationship, there will be two PRPs, i.e., the left-PRP (L-PRP) 
and the right-PRP (R-PRP), corresponding to the PRP on the 
left and right side of the MPP, respectively, as shown in Fig. 1. 
Although the PV system responds more quickly at the R-PRP, 
the PV voltage might jump beyond the open-circuit voltage 
when the irradiance suddenly drops, as illustrated in Fig. 1. 
This will result in stability issues. Thus, the L-PRP is generally 
adopted for the power reserve operation of PV systems [32]. 
Various power reserve control strategies have thus been 
developed in the literature by controlling the PV systems to 
operate at the L-RPP [16], [17], [33]. 

With the reserved power, the full-range frequency control 
becomes possible for PV systems, where the PV system can in-
crease the output power for under-frequency issues and reduce 
the output power to tackle over-frequency issues, as shown in 
Fig. 1. Considering the demand of frequency regulation, the 
typical control system of a two-stage three-phase PV system 
is shown in Fig. 2. Generally, the DC-link voltage of the two-
stage PV system is controlled by grid-connected inverter, while 
the PV system output power is regulated by boost converter. 
Furthermore, the grid synchronization is mandatory, which 
is usually realized by a phase-locked loop (PLL) system. In 
addition, the dual-loop current control strategy is typically 
applied to the inverter, of which the reference is generated by 
the DC-link voltage controller. 

As for the boost converter, an MPPT algorithm, a direct PV 
power control, or a direct PV voltage control can be employed 
as the basic control to identify the MPP or the PRP. Based 
on that, various flexible active power control schemes can be 

realized, e.g., the power reserve control, the power limiting 
control, etc. Furthermore, developed from the power reserve 
control, the frequency control can be achieved, including the 
VIC and the FDC, as shown in Fig. 2. Notably, as the power 
reserve is usually invariable, the coordination strategy of the 
power reserve for different frequency controller should be 
carefully designed for optimal grid support performance. 

III. Grid Frequency Quality and Regulation

The frequency is a key parameter in SG-based power sys-
tems, which synchronizes the power equipment with the 
grid. Thus, the requirements of the frequency quality are 
fundamental in grid codes, which should be properly con-
sidered when designing the grid frequency support strategies 
of PV systems. The frequency quality requirements set by 
different transmission system operators (TSOs) might vary. 
For example, the Northern Europe grid code is exemplified 
in Table I, where it can be seen that not only the steady-state 
operating range of the frequency is required, but also the 
frequency transient dynamics are constrained. 

As an example, the frequency dynamic in an underfrequency 
issue is shown in Fig. 3. When the incident happens (e.g., 
loss of generation), the frequency decreases, which results 

Fig. 2.  Control diagram of a two-stage three-phase PV system with frequency 
regulation, where ω is the grid angular frequency (ω = 2πf ), Cpv and Cdc are the 
boost capacitor and the DC-link capacitor, Lf is the inverter filter inductance, 
ipv and vpv are the PV current and voltage, ipcc and vpcc are the current and 
voltage of the point of common coupling (PCC), and vdc and v*

dc are the actual 
value and reference of the DC-link voltage (MPPT – maximum power point 
tracking; PWM – pulse width modulation).

TABLE I
Grid Code for the Northern Europe Grid on the Frequency Quality [34] 
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Fig. 3.  Frequency dynamics during an under-frequency issue, where f0 is 
the rated grid frequency with f0_u and f0_l being its upper and lower nominal 
operation thresholds, respectively, fN is the frequency nadir, fR is the recovery 
steady-state frequency, tN is the time to reach the frequency nadir, tR is the time 
to recover the frequency, and tRes is the time to restore the frequency (RoCoF – 
rate of change of frequency). 

Q. PENG et al.: COORDINATION OF VIRTUAL INERTIA CONTROL AND FREQUENCY DAMPING IN PV SYSTEMS FOR OPTIMAL FREQUENCY SUPPORT

Description  Requirement

Rated grid frequency
Thresholds of normal operation
Maximum instantaneous frequency deviation
Maximum steady-state frequency deviation
Frequency restoration range
Time to recover frequenc
Time to restore frequency
RoCoF withstanding capability*

50 Hz
±0.1 Hz
±1 Hz

±0.5 Hz
±0.1 Hz

Not required
±15 min

±2.5 Hz/s

* Required by local system operators, where the regulation code of the Danish 
power grid is applied [35]. 
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in a relatively large RoCoF (usually measured within a 
given time window). After the detection of the incident, the 
primary frequency control is enabled, and the frequency will 
gradually increase after reaching the nadir. Then, the frequency 
will oscillate around a new steady-state, indicating that the 
frequency is recovered, as shown in Fig. 3. However, the 
steady-state frequency is far from its nominal. Subsequently, 
the secondary frequency control is activated, where the system 
control center will re-allocate the output power reference of 
each power generation unit and then, the frequency starts to 
increase to the steady-state within the normal operation band. 
At this point, the frequency is restored. In Fig. 3, several 
frequency stability indices are highlighted, according to the 
frequency quality requirements given in Table I. Those include 
the frequency nadir, fN, the recovery steady-state frequency, fR, 
the RoCoF, and the time to restore the frequency, tRes. As the 
primary frequency control can be solely realized by the power 
generating units, whereas the secondary frequency control 
is carried out by the control center of the entire system, the 
frequency stability indices related to the primary frequency 
control are of interest for the local power generating units. 
Thus, to design the grid frequency support control of the PV 
systems, the frequency nadir, the RoCoF, and the recovery 
frequency should be focused on. 

Conventionally, the grid frequency is regulated by the SG 
rotors, where the mechanical inertia and damping determine 
the frequency characteristics, following the swing equation. 
To properly design the VIC and FDC of PV systems, the 
mechanism of the swing equation should be investigated first. 
Specifically, the swing equation is given as

(1)

where Pm and Pe are the mechanical power and the electro-
magnetic power of the SG, respectively, H and D are the inertia 
constant and damping coefficient, θ is the internal voltage 
phase angle of the SG, and all variables here and thereafter are 
per-unit values. 

The swing equation can be graphically represented, as 
shown in Fig. 4, where it can be seen that the inertia constant H 
and the damping gain D determine the dynamics of the active 
power and the frequency. Specifically, the inertia constant 
mainly decides the derivative of the frequency (i.e., the 
RoCoF), while the damping gain affects more the frequency 

deviation. In turn, in large-scale power systems, the RoCoF 
is highly dependent on the system total inertia, whereas the 
steady-state frequency deviation relies more on the system total 
damping. To further demonstrate the impacts of inertia constant 
and damping gain on the frequency dynamics, an analysis is 
conducted as follows. 

1) Inertia Constant
According to (1) and Fig. 4, the responses of the frequency 

and the RoCoF under a 20% load step when the inertia 
constant increases from 2 s to 7 s are shown in Fig. 5, where 
the damping gain is fixed to be 3 p.u. It can be seen in Fig. 5 
that the frequency will oscillate for a period before reaching the 
recovery frequency. When the inertia constant increases, the 
frequency nadir is significantly increased as well as the time 
to the nadir. After reaching the nadir, the frequency gradually 
goes to the rated value until reaches an upper-inflection (where 
the RoCoF reaches zero). Although the larger inertia makes the 
system take more time to the upper-inflection, the frequency 
at this point is dramatically decreased. Finally, after several 
oscillations, the frequency reaches the recovery point much 
faster with the large inertia. Notably, the inertia constant does 
not affect the recovery frequency, as the inertia performs as 
a buffer to the transient energy, which will fall to zero after 
reaching the new steady-state, as shown in Fig. 5. As for the 

Fig. 4.  Diagram of the swing equation of the SG rotors, where Δω indicates 
the frequency deviation.
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(a)

(b)

Fig. 5.  Dynamics of the frequency and RoCoF under a load step with 
increasing inertia constants: (a) grid frequency and (b) RoCoF.
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RoCoF, it can be observed in Fig. 5 that it is effectively reduced 
with the increasing inertia. In such a case, several emergencies 
due to the large RoCoF, e.g., disconnection of the SGs or loss 
of generation can be avoided. Then, the frequency quality and 
further the system stability are improved. 

2) Damping Gain
A similar study is conducted while the damping gain increases 

from 0 to 8 p.u. and the inertia constant is fixed to be 3 s. The 
analysis results are shown in Fig. 6. It can be seen in Fig. 6 that 
the frequency nadir is increased with a larger damping gain, 
whereas the time to the nadir is almost not changed. Notably, the 
larger damping gain can effectively increase the lower-inflections 
(smaller under-shoots) in the following oscillations, but the upper-
inflections are barely affected, as shown in Fig. 6. Finally, the 
frequency will go to the recovery state more quickly with a larger 
damping gain, where the recovery frequency is much closer to the 
rated value. Consequently, part of the regulatory burden for the 
rest of the power generation units in the system is released. As for 
the RoCoF, it can be seen in Fig. 6 that the damping gain barely 
affects the RoCoF before the frequency nadir, where the RoCoF 
is usually the largest during an oscillation. Although the RoCoF 
can be reduced by increasing the damping gain after the frequency 
nadir, it is relatively minor for the frequency quality improvement. 

It can be concluded from the above analysis that a large 
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(a)

(b)

Fig. 6.  Dynamics of the frequency and RoCoF under a load step with 
increasing damping gains: (a) grid frequency and (b) RoCoF. 

inertia constant can increase the nadir and reduce the RoCoF, 
while the damping gain contributes more to an increased 
frequency nadir (a larger nadir) as well as the steady-state 
frequency deviation. The above summary matches well the 
analysis in [29]. 

IV. Coordination of Virtual Inertia Control and 
Frequency Damping Control in PV Systems

Inspired by the swing equation characteristics of the SG 
rotors, see (1), the frequency control of PV systems can be 
realized in two aspects, i.e., the VIC and the FDC, aiming 
to enhance the inertia and damping of the grid. For an SG, 
its inertia and damping characteristics are determined by 
the mechanical property of the rotor, which are unalterable. 
However, different from the SGs, the PV systems can regulate 
the output power more flexibly to provide adaptive inertia and 
damping to the grid. Then, the grid frequency quality can be 
effectively improved. In this section, a novel frequency control 
strategy of PV systems is proposed to optimally coordinate the 
VIC and FDC with a certain amount of power reserve. 

A. Virtual Inertia Control and Frequency Damping Control 

As aforementioned, to achieve the VIC, the PV output 
power should be regulated in proportion to the RoCoF, i.e., 

                                     (2)

where PVIC
pv  is an additional PV power reference for the VIC 

and Hpv is the virtual inertia of the PV system that provides. 
The virtual inertia of the PV system is limited by the available 
power for regulation as well as the RoCoF threshold defined 
by grid codes, as shown in Table I, i.e. 

(3)

where Hmax
pv   and Hmin

pv  are the upper and lower limits of Hpv, ω̇t is 
the RoCoF threshold set by the system operator and PVIC

res is the 
power reserve of the PV system with the VIC. 

As for the FDC, it can be realized by regulating the PV 
output power to be proportional to the frequency deviation as 

                                   (4)

where PFDC
pv   is an additional PV power reference for FDC and 

Dpv is the damping provided by the PV system. The damping 
gain of the PV system is limited by the available power for 
regulation and the frequency deviation threshold according to 
the grid code, which can be expressed as 

(5)
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where Dmax
pv   and Dmin

pv  are the upper and lower limits of Dpv, Δωt 

is the steady-state frequency deviation threshold set by the 
system operator and PVIC

res  is the power reserve of the PV system 
with the FDC. 

Notably, since the PV system output power is emulated 
as the additional electromagnetic power for the frequency 
governor, i.e., the SG, the control gain from the RoCoF to the 
PV power reference should be inversely proportional. Thus, 
the additional power references, i.e., PVIC

pv  and PFDC
pv    , should be 

negative when being added to the PV power controller. 

B. Coordination Control With Certain Power Reserve 

According to Table I, the frequency nadir, the RoCoF, and 
the recovery frequency are the key indices for the frequency 
quality. Additionally, the RoCoF usually reaches its largest 
at the early stage of the frequency incident. Thus, for the 
frequency support control of PV systems, the objectives for 
an under-frequency issue are to reduce the RoCoF, especially 
at the early stage of the oscillation, increase the nadir, and 
maintain the recovery frequency close to the nominal. As 
discussed in Section III, by increasing the inertia constant, the 
RoCoF at the early stage of the oscillation can be effectively 
reduced, while the nadir can be increased as well. Although a 
large damping gain can also increase the nadir, it has negligible 
effect on the RoCoF at the early stage of the disturbance. As for 
the recovery frequency, it is not affected by the inertia constant, 
but it can be maintained at a higher level with larger damping 
gains. Thus, to improve the frequency quality, a large inertia 
constant should be adopted at the early stage of the frequency 
event, while a large damping gain is desired after the nadir. 

However, in the PV systems, the virtual inertia constant and 
damping gain are limited by the available power for regulation. 
Thus, to maximize the frequency support capability of PV 
systems, the power reserve should be properly coordinated 
according to the above discussed. Specifically, when an ab-
normal frequency is detected, the frequency regulation is 
activated. At this point, the power reserve is used to generate 
the virtual inertia, where the inertia constant is set to be as 
large as possible, i.e., Hmax

pv  in (3). Once the frequency nadir is 
detected, the power reserve is adopted to provide damping to 
the frequency oscillation, where the damping gain should be 
larger, i.e., Dmax

pv  in (5), and the inertia constant is zero at this 
time. Notably, the change rates of the inertia constant and 
damping gain after the nadir should be limited. Otherwise, the 
instantaneous RoCoF would increase drastically due to the 
sudden drop of the inertia constant, which may deteriorate the 
frequency quality. However, the change rates should not be 
very small, which will lead to a long frequency recovery time. 
Thus, the design of the rate limits should comprehensively 
consider the grid requirements on RoCoF and frequency 
recovery period. During the next period after the nadir, it is 
assumed that the inertia constant will decrease to zero and 
the damping gain will increase to the maximum within a 
given transition time, based on which the rate limits can be 
calculated. 

The strategy and diagram of the proposed control method 
are shown in Table II and Fig. 7, which is implemented in the 
control of the boost converter (see Fig. 2). Specifically, the PV 
output power reference is generated by the maximum avail-
able power, the power reserve, and the additional reference 
introduced by the VIC or the FDC. The difference between 
the power reference and the instantaneous output power will 
be sent to a proportional-integral (PI) controller, which will 
generate the duty cycle for the boost converter. It should be 
mentioned that the calculation (or measurement) of the RoCoF, 
i.e., ω̇  in Fig. 7, largely affects the performance of the VIC. 
Improper RoCoF detection may introduce significant noise 
into the control system, which may further result in system 
instability. However, the real-time acquisition of the RoCoF 
is an over-complicated subject that requires much further 
attention. Thus, to highlight the performance of the proposed 
frequency regulation strategy, the RoCoF in this paper is 
directly obtained from the system operator. 

Notably, the activation of the VIC and FDC loops is con-
trolled by switching signals, i.e., S-VIC and S-FDC in Fig. 7, 
which is significantly important for the control strategy. The 
generation of the control signals is shown in Fig. 8. Three key 
signals in Fig. 8 are explained as follows. 

• Frequency incident detection: It generates the frequency 
incident signal by an S-R flip-flop. When the frequency 
moves out of the normal operation band, the signal turns 
from “0” to “1”. When the frequency is back to the normal 
operation band and the RoCoF is zero, the signal returns 

TABLE II
Strategy of the Proposed Control Method

State Inertia
constant

Damping
gain

Power reserve
allocation

Before the nadir H max
pv 0 P VIC

pv = Pres

After the nadir H max
pv 0 0 D max

pv P FDC
pv = Pres

Fig. 7.  Diagram of the proposed control method, where Ppv is the instanta-
neous PV output power, S-VIC and S-FDC denote the switching signals for 
the VIC and FDC, respectively (PI – proportional integral).
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to “0”. Then, the PV system waits for the next frequency 
incident. 

• S-VIC: It controls the switching of the VIC by an S-R 
flip-flop. The rising edge of the frequency incident signal 
makes the S-VIC signal turn to “1” from “0”. Then, once 
the frequency nadir is detected, the signal returns to “0”. 

• S-FDC: It controls the switching of the FDC. The signal 
is inverted from the S-VIC signal. Notably, in the steady-
state, the S-FDC signal is “1”, which makes the PV 
system operate at the frequency damping mode when 
waiting for the frequency incidents. 

V. Control Validation

In this section, simulations are performed on a two-stage 
three-phase PV system referring to Fig. 2 in MATLAB/Simu-
link to validate the proposed control method. Furthermore, 
to clearly clarify the control performance, the grid is islanded 
with being represented by a small-capacity VSG, of which the 
control strategy is shown in (1) and the output power is 2 kW 
in steady-state. In this case, the real-time RoCoF for frequency 
regulation is measured in the control system of the VSG. The 
parameters of the system are given in Table III. A constant solar 
irradiance level of 1000 W/m2 and an ambient temperature of 

u

0
d
d

Mode switching

Fig. 8.  Operation logical of the control signals of the VIC and FDC (S-VIC 
and S-FDC) in Fig. 7: (a) generation of the control signals and (b) example 
waveform of the signals. 25 °C are considered in the case study, where the maximum 

available power of the PV system is 3.04 kW, i.e., Pmax
pv   = 1.01 

p.u. Considering the power reserve of 0.4 kW, i.e., Pres = 0.13 
p.u., the maximum PV output power to the grid is 2.64 kW. 

As shown in Table I, the maximum steady-state frequency 
deviation and the maximum allowed RoCoF are ± 0.5 Hz and 
± 2.5 Hz/s, respectively. At the early stage of the frequency 
incident, the power reserve of the PV system is fully utilized to 
provide virtual inertia. The maximum inertia constant can be 
calculated according to (3) as

(6)

After the nadir, the power reserve is fully used to provide 
damping, and the maximum damping gain can be calculated 
according to (5) as 

(7)

where the maximum steady-state frequency deviation is con-
sidered. With the calculated Hmax

pv    and Dmax
pv   , the proposed VIC 

and FDC coordination strategy can be realized according 
to Table II and Fig. 7. As aforementioned, the design of the 
change rate limits of the inertia constant and damping gain 
should consider the grid requirements on the RoCoF and 

TABLE III
Parameters of the Case-Study System

Parameter Description Value

Grid

Prated Rated power 3 kW
f0 Rated grid frequency 50 Hz
vg

rated Rated line-to-line grid voltage 400 V

VSG

PVSG Steady-state output power 0.67 p.u.
vg

dc Rated DC-link voltage 800 V
R Speed regulation gain of governor 0.05 p.u.
TG Governor time constant 0.2 s
TT Turbine time constant 0.3 s
H Inertia constant 5 s
D Damping gain 1 p.u.
L inv

f Converter-side filter inductance 4.8 mH
L g

f Grid-side filter inductance 2 mH
C g

f Filter capacitance 10 µF
L g Grid inductance 2 mH

PV system

vdc DC-link voltage reference 650 V
f b Boost converter switching frequency 16 kHz
f inv Inverter switching frequency 8 kHz
L pv Boost converter inductance 0.5 mH
L f Inverter filter inductance 3.5 mH

Boost converter capacitor 100 µFCpv
Cdc DC-link capacitor 2800 µF

(kpb, k ib) Boost converter PI controller
parameters, PIb

(0.2, 20)

(k pdc, k idc) DC-link voltage PI controller
parameters, PIdc

(0.2, 10)
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frequency recovery time. However, as shown in Table I, the 
frequency recovery time has not been required by the Danish 
grid code yet. Thus, the transition time in this case study is 
designed to be 1 s, referring to the average rolling time window 
for the RoCoF measurement in practical power systems [36]. 

Four frequency regulation strategies for PV systems are 
compared in the following. 

1) Fixed Inertia Constant
The power reserve of the PV system is fully used to achieve 

the VIC during the entire frequency dynamic response. In 
this case, the inertia constant H'pv = H max

pv    = 1.33 s, whereas the 
damping gain is zero. 

2) Fixed Damping Gain
The power reserve of the PV system is utilized to realize the 

FDC. Notably, no inertia is provided simultaneously to damp 
the frequency variations. Instead, the frequency nadir, which 
is limited by the maximum instantaneous frequency deviation, 
and the peak PV power are solely determined by the damping 
gain. Thus, the damping gain of this control should be designed 
from two aspects, i.e., the peak PV power and the PV power 
at the new steady-state, affecting the maximum instantaneous 
frequency deviation (± 1 Hz in Table I) and the maximum 
steady-state frequency deviation, respectively. The damping 
gain of this control is calculated as 

(8)

while the inertia constant is zero.

3) Fixed Inertia Constant & Damping Gain
This control strategy is the most widely applied one in the 

frequency regulation of PV systems. In this case study, the 
reserved power is evenly divided to provide virtual inertia and 
damping, i.e., 0.2 kW reserved for VIC and FDC, respectively. 
Notably, the peak PV power for the VIC and the FDC does 
not appear exactly at the same time [37]. Thus, the peak PV 
power limitation in designing the inertia constant and damping 
gain can be considered to be larger than half of the full power 
reserve. However, the accurate allowance still requires further 
exploration. In this case study, it is considered that the peak 
PV power limitation in designing the inertia constant is half of 
the power reserve, whereas the peak PV power limitation in 
designing the damping gain is the full power reserve. In such a 
case, the inertia constant is calculated to be 

(9)

Similar to the fixed damping gain strategy, the damping gain 
in this strategy is limited by not only the maximum steady-
state frequency deviation but also the maximum instantaneous 
frequency deviation (corresponding to the peak PV power 
limitation), as the damping gain participates in determining 
the frequency nadir and peak PV power. Additionally, as 
mentioned in the above, the peak PV power limitation for 
designing the damping gain can be considered to be the full 

power reserve. The damping gain is accordingly calculated as

(10)

4) Alternating Inertia Constant
This control strategy was proposed in [27] for VSGs to 

improve the frequency dynamics and decrease the energy 
consumption by tuning the inertia constant. Specifically, the 
frequency dynamic under disturbances can be divided into 
two modes, i.e., accelerating mode and decelerating mode, 
corresponding to the states where the frequency goes beyond 
and returns to the rated, respectively. In such a case, large 
inertia can be adopted in the accelerating mode to restrain the 
frequency deviation, whereas small inertia can be applied in 
the decelerating mode to make the frequency quickly go back 
to the rated value. In this case study, the large inertia constant is 
equivalent to Hmax

pv    = 1.33 s. The control strategy of this method 
is given in Table IV. 

A. Comparison With the VIC and FDC 

At t = 5 s, a load step of 0.45 kW (about 10%) is applied to 
the system. The system dynamics are shown in Fig. 9, where 
the proposed control, the fixed inertia constant control (single 
VIC), the fixed damping gain control (single FDC) are 
demonstrated. 

According to Fig. 9(a), the performance of different control 
strategies in terms of frequency control can be summarized as: 

• When the frequency control of the PV system is not 
applied, the frequency drops to 49.28 Hz and then reaches 
the recovery frequency as 49.46 Hz after oscillation. The 
RoCoF in this case is –1.10 Hz/s. 

• With the fixed damping gain control, the frequency nadir 
as well as the recovery frequency are significantly in-
creased, and the RoCoF is slightly reduced. 

• In contrast, with the fixed inertia constant control, the 
RoCoF is considerably reduced. However, although the 
frequency nadir is also increased, the performance is 
inferior to the fixed damping gain control. In addition, the 
recovery frequency is not increased at all, meaning that 
the PV system does not support the grid frequency after 
the oscillation. 

• Comparably, when the proposed control is adopted, at the 
early stage of the oscillation, the VIC takes effect and the 
frequency dynamic is similar to the case with the fixed 
inertia constant control. Here, the RoCoF is reduced and 
the nadir is increased. Moreover, the recovery frequency 
is significantly increased since the PV system is switched 

TABLE IV
Strategy of the Alternating Inertia Control Method

∆ω ω̇ Mode Inertia constant

> 0 > 0 Accelerating H max
pv

> 0 < 0 Decelerating 0
< 0 < 0 Accelerating H max

pv
< 0 > 0 Decelerating 0
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to the FDC after the nadir. More importantly, the recovery 
frequency is even higher than the case with the fixed 
damping gain control. The reason is that the damping gain 
in the proposed control is calculated by the maximum 
steady-state frequency deviation, whereas the fixed 
damping gain is calculated by the maximum instantaneous 
frequency deviation. 

Furthermore, it can be seen in Fig. 9(b) that the RoCoF 
after the nadir under the proposed control is larger than that 
with other control methods. This is caused by the frequency 
reference (the targeted recovery frequency) step due to the 
operation mode switching from the VIC to the FDC. However, 
as the change rates of the inertia constant and damping gain are 
well limited, the RoCoF in this stage is much smaller than the 
one at the early stage of the oscillation, which is acceptable by 
the grid code. As for the PV output power, it can be seen in Fig. 
9(c) that with the fixed inertia constant control, the PV system 
increases the output power at the early stage of the oscillation, 
but returns to the initial point after the oscillation, meaning 
that the PV system ceases the frequency support to the grid. 
With the fixed damping gain control, the PV system can keep 
supporting the grid frequency after the oscillation. 

However, due to the limitation on the damping gain, the 
PV system cannot utilize all the power reserve to maintain the 
grid frequency after the oscillation. When the proposed control 
is enabled, the PV system increases the output power at the 
early stage of the oscillation to damp the frequency nadir. After 
that, unlike the fixed inertia constant control, the proposed 
control makes the PV system increase the output power again 
to achieve a larger recovery frequency. Compared with the 
fixed damping gain control, the proposed control makes full 
use of the PV system power reserve to support the grid after 
the frequency oscillation, leading to a smaller steady-state 
frequency deviation, as shown in Fig. 9(a). 

It can be concluded from this case study that the proposed 
control effectively coordinates the VIC and the FDC, based 
on which the deficiency of the single VIC and FDC can be 
avoided. Consequently, the regulation capability of the PV 
system is maximized and the frequency quality is improved to 
a large extent. 

B. Comparison With Advanced VIC and FDC 

The proposed control strategy is further compared with 
the fixed inertia constant & damping gain control and the 
alternating inertia constant control. Under the same conditions, 
the system dynamics under a 0.45 kW load step are shown in 
Fig. 10 and the control parameters are shown in Fig. 11. The 
system performance is discussed in the following: 

• With the alternating inertia constant control, the frequency 
behaves similarly with respect to the one controlled by 
the fixed inertia constant. In contrast, the inertia constant 
turns to zero when the frequency goes toward the rated (see 
Fig. 11), making the PV system not generate any power 
for frequency support, as shown in Fig. 10(c). In this case, 
energy consumption is reduced. Moreover, like the fixed 
inertia constant control, the PV system does not contribute 
to an increased recovery frequency and the power reserve is 
not efficiently utilized in this regard. Notably, as shown in 
Fig. 10(a), when the frequency goes toward the rated after 
the nadir, the frequency oscillation becomes even severe 
by setting a relatively small inertia constant, which is in 
conflict with the results shown in [27]. The reason is that 
the method was designed to deal with the frequency issues 
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Fig. 9.  System dynamics of the PV system under load step at t = 5 s with 
the proposed control and the single VIC and FDC: (a) grid frequency, (b) 
instantaneous RoCoF, and (c) PV output power. 
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in strong grids, where the frequency will not reach a new 
steady-state after load changes. In such a case, the main 
objective of the strategy is to help the frequency move back 
to the rated. From the perspective of the new steady-state, 
the control strategy makes the frequency oscillate. 

• When the fixed inertia constant & damping gain control is 
adopted, the RoCoF is decreased and the frequency nadir is 
increased effectively. Moreover, as the FDC is considered 
in this strategy, the recovery frequency is increased, i.e., the 
PV system continues supporting the grid frequency after 

the oscillation. In summary, this strategy utilizes the power 
reserve of the PV system more efficiently compared to the 
single VIC or FDC, based on which the grid frequency 
quality can be improved. However, as the power reserve is 
evenly divided for the VIC and the FDC, only half of the 
power reserve is applied to support the grid frequency after 
the oscillation, while the rest is not utilized at all in the 
recovery frequency support. 

• By contrast, if the proposed control is enabled, the RoCoF 
is decreased and the frequency nadir is increased as well. 
After reaching the nadir, the inertia constant gradually 
decreases to zero while the damping gain increases to 
the maximum within 1 s, as shown in Fig. 11. As the 
maximum damping gain is employed after the oscillation, 
the recovery frequency is increases adequately. Compared 
with the alternating inertia constant control, the FDC is 
considered in this strategy, which makes the PV system 
increase the output power again after reaching the nadir. 
Compared with the fixed inertia & damping control, the 
proposed control makes use of the power reserve more 
flexibly, by which the power reserve can be completely 
utilized after the oscillation. As a result, the recovery 
frequency under the proposed control is much higher. It 
should be pointed out that the maximum RoCoF during 
the incident with the proposed control is identical to the 
one with the fixed inertia & damping control. However, 
when the system suffers from a severer disturbance, the 
proposed method will be more effective to damp the 
RoCoF due to the larger inertia constant at the early stage 
of the incident. 

The frequency quality indices with different control strate-
gies are summarized in Table V. It can be seen in Table V 
that the proposed control can realize comprehensive optimal 
frequency quality. Specifically, only the fixed damping gain 
and the fixed inertia constant & damping gain control can ob-
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Fig. 10.  System dynamics of the PV system under the load step at t = 5 s with 
the proposed control and different advanced VIC and FDC: (a) grid frequency, 
(b) instantaneous RoCoF, and (c) PV output power. 

Fig. 11.  Inertia constant and damping gain when the load step is applied to the 
PV system at t = 5 s with the proposed control and different advanced VIC and 
FDC: (a) inertia constant and (b) damping gain.
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tain a larger nadir, while only the fixed inertia constant control 
can achieve a smaller RoCoF than the proposed control. More 
importantly, with the proposed control, the recovery frequency 
reaches the highest, indicating that the power reserve of the PV 
system is fully utilized. 

VI. Conclusion

This paper proposed a coordinated strategy of the VIC and 
the FDC for PV systems with power reserve. For the grid 
frequency quality, the RoCoF, the instantaneous frequency 
deviation and the steady-state frequency deviation were of 
importance. By properly coordinating the VIC and the FDC 
as proposed in this paper, the power reserve of PV systems 
was efficiently utilized to improve the frequency quality. In 
an under-frequency issue, for example, the VIC will damp the 
RoCoF and increase the frequency nadir (related to the instan-
taneous frequency deviation). Once the frequency reaches the 
nadir, the PV system will be switched to the FDC to increase 
the recovery frequency (related to the steady-state frequency 
deviation). Compared with the existing VIC and FDC of PV 
systems, the proposed control can optimally utilize the power 
reserve of PV systems, and in turn, the grid frequency can be 
improved in a cost-effective manner. 
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