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ABSTRACT Due to the lack of inertial support of the physical rotor of reliable power, the problem of weak
inertia of the system is prominent when large-scale grid connection. Aiming at the weak inertia problem of
new energy power systems, this paper takes the photovoltaic power generation systemwith generalized droop
control as the research object. Firstly, the paper introduces the structure of the photovoltaic power generation
system and the mathematical principle of generalized droop control At the same time, the electrical torque
model of the system is established in order to reveal the inertia characteristics of the grid-tied inverter under
the generalized droop control, moreover, the influencing factors of the system’s inertia characteristics and the
influence rules of parameters are analyzed and studied. Finally, simulation analysis verifies the correctness
of the analysis. The research results show that the photovoltaic inverter system under the generalized droop
control has obvious inertia characteristics, the change of inertia size is affected by the dominant zero pole of
the controller, and the equivalent inertia coefficient has frequency domain characteristics.

INDEX TERMS New energy power, weak inertia characteristics, photovoltaic grid-tied system, generalized
droop control, inertia characteristics analysis.

I. INTRODUCTION
In recent years, the large-scale grid-connection of electric
vehicles and flexible transmission and distribution equipment
and application of renewable energy have caused tremendous
changes in the composition of structure in the traditional
power system [1]–[4], and profoundly changed the dynamic
behavior of the power system [5]–[7]. Since most of the
renewable energy generation is connected to the grid through
power electronic converters [8], [9] that lacks the rotor inertia
support of the synchronous generator (SG), the frequency
stability of the power system has become an increasingly
prominent issue [10], [11].

In order to solve the problem of weak inertia caused
by the injection of renewable energy sources, the vir-
tual synchronous generator (VSG) control strategy has
emerged [12], [13] based on the frequency operation char-
acteristics of synchronous generators. Works in [14], [15]
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control the inverter through the equivalent emulation of the
SG rotor motion equation, so that the output frequency char-
acteristics are similar to the SG frequency response charac-
teristics. [16] derived the accurate, dynamic VSG model, and
analyzed themechanism of synchronous frequency resonance
phenomenon and its influence on system stability. It is noted
that although the VSG strategy equips the inverter system
with inertia characteristics, it can also easily cause system
instability in the grid-connected mode. [17] pointed out that
while theVSG strategy provides the SG inertia, it also inherits
the risk that the SG is prone to oscillations, namely, when
the system is disturbed, the system frequency will observe
continuous oscillations. [18] and [19] analyzed the virtual
torque characteristics and instability mechanism of the VSG.
Focusing on the weak adaptability of VSG dynamic charac-
teristics, [20] proposed an adaptive VSG inertia control strat-
egy. A large number of literature studies have shown that the
inertia characteristics required by VSG control are different
for grid-tied and standalone operations, and it is difficult for
the VSG control with a constant inertia coefficient to meet
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inertia requirements under different operations. The power
droop control, with its significant advantages such as inde-
pendence of a communication system, high reliability, and
strong flexibility, is widely used in grid-connected inverter
system control [21]. Focusing on the drawbacks of droop
control and VSG control, [22] proposed a generalized droop
control of the inverter. Through the additional compensation
control of the frequency-active power loop in the droop con-
trol, the inertia characteristics of the inverter are realized,
meanwhile the operation under different working conditions
is well realized. Most of the above-mentioned works focus
on the emulation of the inertia characteristics on the inverter,
yet have not conducted in-depth analysis and research on the
mechanism of the virtual inertia characteristics. [23] summa-
rized the stability analysis methods of grid-connected inverter
systems, and pointed out that the equivalent characteristic
coefficients of grid-connected inverters under the electric
torque analysis have frequency-dependent characteristics, yet
the conclusion was not verified in a specific system. [24]
analyzes the inertia damping characteristics of conventional
control inverter systems through the electrical torque analysis
method and obtains equivalent coefficients that characterize
the dynamic characteristics of the system, but the equivalent
inertia damping coefficients are constant that not completely
describe the dynamic behavior of the inverter system under
control.

Based on the above-mentioned literature, this paper takes
the photovoltaic power generation system with generalized
droop control as the research target, analyzes and studies the
system inertia characteristics, and reveals the nature of the
system inertia characteristics under control and the influential
law of parameter changes affecting the inertia characteristics.
Finally, the simulation analysis verifies the effectiveness of
the inertia characteristic analysis in this paper.

II. STRUCTURE OF PHOTOVOLTAIC POWER GENERATION
SYSTEM
A. STRUCTURE OF PHOTOVOLTAIC POWER GENERATION
SYSTEM
The structure of the photovoltaic power generation system is
shown in Figure 1. The system mainly includes photovoltaic
cells, a DC boost circuit, an inverter and the control system.
In order to equip the photovoltaic power generation system
with voltage and frequency adjustment capabilities, the DC
side is generally connected to the energy storage block. In the
Figure 1, ipv is the output current of photovoltaic generation,
udc is the DC bus voltage, iabc is the inverter output current,
uabc is the voltage at the PCC point, and L1, L2, and Cf are
the filter inductors and capacitor, respectively.

The DC/DC controller in Figure 1 mainly implements
the DC voltage control of photovoltaic generation, and the
inverter controller mainly implements the grid-connection
control and provides voltage and frequency support to the
system [9], [24]. It is worth noting that the photovoltaic
generation system with generalized droop control can either

FIGURE 1. Graphical representation of grid-tied PV generation.

operate in grid-tied mode, or in standalone mode, and it has
a good dynamic performance.

B. CONTROL PRINCIPLE OF GRID-CONNECTED
PHOTOVOLTAIC INVERTER UNDER GENERALIZED DROOP
CONTROL
Conventional droop control can realize the autonomous syn-
chronous operation of the inverter. However, since frequency
and power are proportional, the system output characteristics
do not have inertia capability. The frequency-active power
equation under inverter droop control can be expressed as:

f = f0 − m
ωc

s+ ωc
(P− P0) (1)

where f and f0 are the frequency and nominal frequency of
the system, respectively, m is the droop coefficient, P and P0
are the output power and rated power of the system, ωc is the
cutoff frequency of the low-pass filter, and s is the differential
operator.

By linearizing (1), the small-signal model of frequency-
active power drooped control can be obtained as:

1f
1P
= −m

ωc

s+ ωc
= −m

1
s/ωc + 1

(2)

According to (2), it is known from the control theory that
the frequency change rate of the system under a step distur-
bance is ωc. For a general value of ωc taken as 200, the rate
of change of frequency (ROCOF) is 200, which far exceeds
the current ROCOF operating standard, and is not conducive
to the safe and stable operation of the system frequency.

In order to solve the large ROCOF issue caused by the
droop control, the generalized droop control is formed by
modifying the droop loop [23]. The block diagram of general-
ized droop control is shown in Figure 2. In the Figure 2,Gp(s)
is the generalized droop controller, Hp(s) is the low-pass
filter of the power calculation block, K is the synchronization
coefficient and K = EV/X , where E and V are the inverter
output voltage and grid voltage, respectively, and X is the
linkage impedance.

According to the design principle in [18], the generalized
droop controller Gp(s) can be expressed as:

Gp(s) = m
(1+ τ1s)

(1+ T1s)(1+ T2s)
(3)

In (3), τ1, T1, and T2 are time constants. By adjusting the
time constant, the inverter can have better inertia character-
istics and dynamic performance. Although the generalized
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FIGURE 2. Generalized droop control principle.

droop control allows the inverter to obtain the inertia char-
acteristics, the physical meaning is not clear, the inertia
influential factors and laws cannot be intuitively reflected,
and the inertia obtained by the inverter cannot be effectively
evaluated. The inertia characteristics of generalized droop
control will be analyzed in detail as follows.

III. INERTIA CHARACTERISTICS ANALYSIS OF
PHOTOVOLTAIC GRID-CONNECTED POWER
GENERATION SYSTEM
In traditional power systems, the inertia mainly refers to that
of the generator rotor. Generally, the equivalent inertia time
constant H (or T ) is used to describe the inertia level of the
power system. The inertial time constant of the SG is defined
as:

H =
Jω2

0

Sn
(4)

where J is the SG’s moment of inertia, ω0 is the rated electric
angular velocity, and Sn is the reference power. By comparing
to the inertia characteristics generated by the generalized
droop control, it can be seen that the inverter system has
neither real J and ω0, nor ‘‘virtual J’’ as in VSG control, but it
has inertia response characteristics. This inertia characteristic
was not analyzed or explained in [9]. In this manuscript,
the electric torque analysis will be adopted to express and
quantify the inertia characteristics of the generalized droop
control, in a similar manner to that of a SG.

A. ANALYSIS OF INERTIA CHARACTERISTICS OF
PHOTOVOLTAIC POWER GENERATION SYSTEM BASED ON
GENERALIZED DROOP CONTROL
According to the electric torque analysis, the dynamic charac-
teristics of the inverter system can be described by the electric
torque equation as [24]:

Hs
d1ω
dt
= −TD(s)1ω − TS(s)1δ (5)

where H (s), TD(s), and TS(s) are the equivalent inertia,
damping and synchronization coefficients of the system
respectively, which represent the inertia level, damping

capacity and synchronization capacity of the system [23], and
reflect the system dynamic characteristics.

In order to describe the inertia characteristics of the grid-
tied photovoltaic system with generalized droop control, the
small-signal model of the system is combined with the droop
controller model, and the electric torque model of the system
can be obtained as shown in Figure 3.

FIGURE 3. Electromagnetic torque model based on generalized droop
control.

According to (1) and Figure 3, the characteristic coeffi-
cients of the photovoltaic inverter system with generalized
droop control can be obtained as:

H (s) =
T1 + T2 + T1T2s

m(1+ τ s)

TD(s) =
1

m(1+ τ s)

TS(s) =
Kωc
s+ ωc

(6)

It can be seen from (6) that, different from the inertia coef-
ficient H of SG shown in (1) (which is constant), the equiv-
alent inertia coefficient of photovoltaic inverter system with
generalized droop control has frequency-dependent charac-
teristics, suggesting different inertia coefficient values at var-
ious frequencies. Besides, the equivalent inertia coefficient
at different frequencies is mainly determined by the control
parameters of m, T1, T2, and τ1 simultaneously, namely,
the change in inertia is affected by the dominant zero and pole
of the controller Gp(s).
According to (6), the influential law of the system char-

acteristic coefficient with the change of parameters can
be obtained as shown in Figure 4. From Figure 4(a)(b),
as T1 increases from 0 to 0.05 or τ1 decreases from 1 to
0, the phase margin and gain margin increase accordingly,
namely, the system stability enhances, and the corresponding
inertia coefficient is improved. As the gain,m only affects the
amplitude movement, while the phase angle diagram remains
unchanged.

B. STABILITY ANALYSIS OF PHOTOVOLTAIC POWER
GENERATION SYSTEM WITH GENERALIZED
DROOP CONTROL
Since the generalized droop control changes the original
frequency-active power droop characteristics and has a cer-
tain impact on the power angle stability of the system, it is
necessary to analyse the stability of the photovoltaic inverter
system with the generalized droop control.
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FIGURE 4. The effect of parameter changes on the equivalent inertia
coefficient.

According to the electric torque model, the system stabil-
ity can be quantitatively analyzed by the open-loop transfer
function composed of the acceleration change of the sys-
tem frequency 1aω and the frequency change 1ω [9].
Figure 5 shows the structure of the open-loop system com-
posed of 1aω and 1ω. It can be seen from Figure 5 that the
open-loop transfer function of 1aω/1ω is:

1aω
1ω
= −

sTD(s)+ TS(s)
sH (s)

(7)

FIGURE 5. Open-loop transfer function structure diagram of 1aω/1ω.

FIGURE 6. The influence of parameter changes on 1aω/1ω.

According to (7), the real part of the open-loop transfer
function of 1aω/1ω in frequency domain can be obtained
as:

Re
[
1aω
1ω

(jω)
]
= Re

[
−
jωTD(jω)+ TS(jω)

jωH (jω)

]
(8)
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FIGURE 7. The influence of different parameter changes on system inertia
on system inertia.

where ω is the oscillation frequency. Through the analysis
of (8), the influence of different parameter changes on system
stability can be obtained. The influential law of parameter
changes on system stability is shown in Figure 6. In the
low-frequency range, the larger T1, the smaller the real part
amplitude of the open-loop transfer function, and the more
stable the system. With the increase of m and τ1, the smaller
the real part amplitude, the more stable the system. In the high
frequency band exceeding the cut-off frequency of 200 Hz,
the law is opposite. It can be seen from (8) that the system
has certain frequency-dependent characteristics.

IV. SIMULATION ANALYSIS
In order to verify the effectiveness of the proposed analysis
in terms of the inertia characteristics of the grid-connected

FIGURE 8. The influence of different parameter changes on system
stability.

TABLE 1. The main parameters of the photovoltaic inverter system.

photovoltaic inverter system with generalized droop control,
the MATLAB/Simulink simulation platform was used to
build a system model for analysis and verification. The main
parameters of the photovoltaic inverter system are shown
in Table 1.

Figure 7 shows the grid-side frequency change after the
grid-connected system is disturbed at 5 s. It can be seen
from Figure 7 (a) and (b) that, when other parameters remain
unchanged, the smaller the droop coefficient m or zero of
Gp(s) τ1, the smaller the instantaneous ROCOF when the
disturbance occurs, viz., the larger inertia of the system.
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Analogously, it can be seen from Figure 7(c) that as the pole
T1 of controllerGp(s) increases, the inertia of the photovoltaic
system controlled by the generalized droop increases, which
is consistent with the conclusion of (6).

Figure 8 shows the stability of the standalone system
when the load is increased at 3 s. It can be seen from
Figure 8(a) and (b) that as m or τ1 decreases, the highest
frequency deviation 1f when disturbance occurs becomes
smaller, and the stability of the system seems to have
improved. However, while pursuing stability, the problem
of rapidity also needs to be taken into consideration. As τ1
decreases, the stability is improved, and the time1t to restore
balance is also extended. Similarly, in Figure 8(c), changing
the time constant T1 to minimize 1f cannot guarantee the
shortest restoration time 1t .

V. CONCLUSION
Based on the structure of photovoltaic power generation sys-
tem and the mathematical principles of generalized droop
control, this article uses electric torque analysis to express the
inertia characteristics analogous to the SG, and quantitatively
characterizes the inertia characteristics brought by general-
ized droop control. The research results found:

(1) The photovoltaic inverter system has obvious iner-
tia characteristics under generalized droop control, which
enables the system to balance load fluctuations.

(2) By adjusting the time constant, the inverter can have
better inertia characteristics and better dynamic performance,
and the equivalent inertia coefficient has frequency dependent
characteristics.

(3) When adjusting a parameter, the speed, stability and
accuracy cannot be guaranteed at the same time.

The above research conclusions can be used as the the-
oretical basis for engineering practice to rationally design
the inertia, damping, and synchronization characteristics of
the grid-connected photovoltaic power generation system and
make it more friendly injected to the grid. However, because
the control parameters have a certain coupling relationship
on the inertia, damping, and synchronization characteristics
of the system, it is impossible to excessively change the
control parameter range in order to pursue the large inertia
and strong damping characteristics of the system, so that
the system enters the unstable region. Hence, the optimiza-
tion design of the control parameters is also an issue worth
studying.
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