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Abstract

A problem with virtual synchronous generator (VSG) systems is that they are difficult to operate stably with photovoltaic (PV)

power as the DC side. With this problem in mind, a PV-VSG control strategy considering the dynamic characteristics of the DC

side is proposed after an in-depth analysis of the dynamic characteristics of photovoltaic power with a parallel energy-storage

capacitor. The proposed PV-VSG automatically introduces DC side voltage control for the VSG when the PV enters into an

unstable working interval, which avoids the phenomenon where an inverter fails to work due to a DC voltage sag. The stability of
the original VSG and the proposed PV-VSG were compared by a root locus analysis. It is found that the stability of the PV-VSG
is more sensitive to the inertia coefficient J than the VSG, and that a serious power oscillation may occur. According to this, a

new rotor model is designed to make the inertial coefficient automatically change to adapt to the operating state. Experimental
results show that the PV-VSG control strategy can achieve stable operation and maximum power output when the PV output

power is insufficient.
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I. INTRODUCTION

As a kind of inverter control technology that can participate
in primary frequency regulation and provide a certain inertia
to the power grid, a virtual synchronous generator (VSG)
provides a new development direction for the grid-connection
of large-scale distributed photovoltaic (PV) power [1]-[4].
However, in the current research related to VSGs, most scholars
focus on the VSG control itself, and the DC side is replaced
by an ideal voltage source. Some scholars study the VSG system
with an energy-storage battery as the DC side [5], [6]. Neither
of these approaches solve the grid-connection problem of
actual PVs, and they both largely ignore the influence of the
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dynamic characteristics of the DC side. In fact, the output of
a distributed PV power supply is susceptible to external
environmental factors, and there are problems such as stable
operation intervals and capacity limitations [7]. If the traditional
VSG control is adopted, it is easy to make the output power
of the VSG higher than the output limit of the PV, which may
result in an inverter failure [8].

In view of the above problems, many scholars have conducted
relevant research. Arco and his coworkers [9] proposed a
state space model of a VSG and conducted a stability analysis.
They also revealed the relationship between different control
parameters and the stability of the VSG. However, the DC
side was replaced by an ideal voltage source, so whether a
fluctuation of the DC side voltage would affect its stability
was not considered. Liu [10] pointed out the difficulties and
possible problems of VSG control when compared with droop
control. They also explained the cause of power oscillations
of VSGs. Xin [11] proposed a droop control using PV as the
DC side. However, it was an open-loop control for output
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power. Zhang [12] and Torres [13] proposed VSG-based PV
grid-connection control schemes, and focused on the study of
energy storage devices and primary frequency modulation
performance. However, for a VSG, its DC side is still an ideal
voltage source, and a large energy storage battery needs to be
configured. Alipoor [14] proposed an inertial adaptive control
strategy to solve the power oscillation problem. They also
provided a theoretical basis for changing the parameters while
the VSG is running. However, this method does not solve the
grid-connection problem of PVs. Although scholars have
done a lot of research on the VSG itself, there has been no
research on a PV's stable grid-connection through a VSG.

In order to make a VSG that takes a PV as a source stable,
the dynamic characteristics of the DC side need to be fully
considered. In view of this, a PV-VSG with an additional DC
voltage control is proposed in this paper, which can effectively
restraint the DC voltage sag caused by an energy shortage.
Then, by comparing the stability of an original VSG with the
proposed PV-VSG, it can be concluded that the proposed
strategy makes the system stability more susceptible to the
coefficient J, which can result in power oscillation. For this
reason, a new rotor model is designed to automatically change
the inertia value during operation.

II. ANALYSIS OF THE PV-VSG STRUCTURE AND THE
DYNAMIC CHARACTERISTICS OF THE DC SIDE

Unlike traditional VSG systems that take a DC voltage
source as the source side, the PV-VSG uses a combination of
a PV and a capacitor as the virtual prime mover. This
combination has more complex dynamic characteristics, and
is fundamentally different from the traditional VSG system
with its energy-storage battery [15].

The internal structure of a PV is complex. In order to
simplify the analysis on its operating principle, the stable
operation interval and unstable operation interval are defined
in the P-U curve shown in Fig. 1 [13]. The horizontal axis is
the terminal voltage of the PV, and the vertical axis is the
available power of the PV; (Udcmpp, Pmpp) is the maximum
power output point (MPP) of the PV; U, is the maximum
voltage of the PV; and P is the power required by the load.
Among the intervals, II is the stable operation interval, and I
is the unstable operation interval. If the power shared by the
PV-VSG is greater than that of Py, as shown in the figure,
the PV enters interval 1. With an increase of Piosd, Udc
decreases, which results in a decrease in the output power of
the PV. This vicious circle causes the voltage to drop rapidly
to a collapse of the inverter.

In the PV-VSG, the DC voltage does not drop rapidly when
Pioaa is greater than Puy due to the presence of a parallel
capacitor. Its dropping rate depends on the capacity of the
parallel capacitor.

For the parallel capacitor:
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Fig. 1. Operation interval of a photovoltaic power supply.
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Fig. 2. DC side equivalent model.

AQ = AU.C (1)
Where AQ is the electric charge in the capacitor, AU is the
voltage of the capacitor, and C is the capacity of the capacitor.

AQAU, = AW = [ (B~ B, )dr )

pv

Where Py is the discharge power of the capacitor and AW
is the discharge energy of the capacitor in time ¢. Combining
Equation (1) with Equation (2), the value of the DC side
voltage is obtained:
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Ucin 1s the initial voltage value of the capacitor; and Ppv is
a function of Uk, that is f{Ua), which is described by a P-U
curve of the PV. In order to simplify the small signal analysis
in the following part, linearization fitting is done for the P-U
curve around the MPP. Therefore:

P

&Udc Udc € I
p - Udc—mpp ( 4)
" B”PP UOC B"P[’
- et U,ell
Uoc - Udcﬂnpp Uoc - dc—mpp

An equivalent model of the PV and the capacitor can be
obtained from Equation (3) and Equation (4), as shown in
Fig. 2.

According to Fig. 2, when the load increase from Py, the
variation trend of U is as shown in Fig. 3. Uimin is the
minimum voltage of the DC side, which keeps the inverter
working normally.

As shown in Fig. 3, the design of the capacitor should meet
the condition that the DC side voltage is no less than Ulmin,
which may result in inverter failure under a temporary load
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Fig. 3. Simulation result of DC-terminal voltage under a DC
terminal equivalent model.
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Fig. 4. Block diagram of the proposed PV-VSG control.

fluctuation in a certain time range At. However, the actual
quantity and duration of APiw cannot be predicted, and the
capacity of capacitor cannot be designed to be infinite. There
is always a risk of using up the energy in the capacitor. In
addition to the increase of the load, the PV itself can also
have an impact on the supply-demand relationship of the
power. These impacts can include changes in the intensity of
illumination, changes in the environmental temperature and
local malfunctions. Therefore, in the control of the PV-VSG,
both the change of load and the working status of the PV
itself should be considered with a MPPT device.

It is worth mentioning that MPPT is generally divided into

two methods: the closed-loop method and the open-loop method.

When compared with the open-loop method, the closed-loop
method requires the inverter to work at the maximum power
point, which means that the VSG loses the abilities of frequency
and voltage regulation. In fact, to prevent the PV from entering
the unstable interval, only the parameter Udc-mpp is necessary.
Therefore, the constant voltage tracking method is selected in
this paper. The effect of temperature on the Udc-mpp is ignored.

III. PV-VSG CONTROL STRATEGY WITH
DC SIDE VOLTAGE CONTROL

Due to the non-monotonic relationship of PV power-voltage,
DC voltage sag may occur if the traditional VSG control
strategy is used. Therefore, this paper proposes a VSG control
strategy with additional DC side voltage control. The overall
modeling is shown in Fig. 4, which can be divided into two
parts: VSG control and an additional DC voltage control.

A. Control Strategy of a VSG

Since this paper focuses on the transmission and control of
active power, as shown in Fig. 4, the reactive power control
part of the VSG ontology only adopts the Q-U droop controller
as the droop control, which is not discussed in this paper. The
active power control part simulates the rotor model and
governor model of the synchronous generator (SG) [16]-[18].
The SG rotor model can be expressed as follows:

in out

da)"l
P -P =J?+Dp(wm—a}g) (5)

Where J is the rotary inertia of the rotor, wn is the angular
frequency of the rotor, D, is the damping coefficient, and w,
is the angular frequency measured from the VSG output port.
Pin is the input power of the rotor, which is the instruction
power calculated in the virtual governor in the VSG; and Pous
is the output power of the rotor, which is the output power
measured from inverter in the VSG. The SG rotor model shown
in formula (5) simulates the two most important links in the
SG: the inertia and damping. This makes the SG superior to a
grid-connected inverter. In [10], wg is replaced by a constant
value because the measurement of w, has a certain time delay.
As aresult, (5) becomes:

dw
'

P-P =J
dt

+ Dp (0, — wref) 6)

Where wr.ris the reference value of the angular frequency.
The governor model in Fig. 4 can be written as:

P =(w,-0)K, +P, @)

in

Prris the active power reference value of the VSG; and Ko,
is the droop coefficient. It can be seen that the process shown
in (6) is similar to the primary frequency modulation of the
SG. At this point, the governor is the same as the P-o droop
controller. According to (6) and (7), the VSG is actually a
droop control with additional inertia and damping functions.

Combining (6) and (7) yields:

P _-P

ref out

dw,
=J " +(K, + Dp Now, — o, ) ®)

It can be seen that the damping term and the droop term
have the same effect and are directly proportional to (Ko+D)p).
Although this solution improves the droop coefficient of the
frequency, which can affect the power distribution in the
steady-state, it also increases the damping ratio and can
reduce the phenomenon of output power oscillation [8]. It is
worth mentioning that virtual impedance control has been
included in the current and voltage loops in order to eliminate
the influence of the line impedance on the control system.

B. Additional DC Voltage Control

According to the analysis in Chapter 2, the DC voltage
Ulde-mpp corresponding to the MPP point is the minimum DC
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Fig. 5. Block diagram of the DC voltage controller.

voltage that can be reached by the PV in the stable interval.
When the DC voltage is lower than Uiemp due to an
increased load or decreased intensity of illumination, that is,
when the PV enters into unstable interval I, the output power
Pou: of the VSG should be decreased, so the PV can return to
the MPP working point. The additional load power can be
share by other micro sources in the network.

The DC voltage controller shown in Fig. 4 is designed and
added, and a block diagram of controller is shown in Fig. 5.
In this figure, P*.s is the given power value; and Py is the
given power value through the DC voltage controller. The
lower limit of the amplitude limiting module is 0. Udcmpp is
the given value, and the capacitor voltage Ul is the feedback
value. the synthetic P.s from the controller becomes the
reference value of the governor.

When U is higher than Uliempp, that is, the PV enters
stable Interval II, the input of the PI controller is 0 due to
amplitude limiting, which means the reference value of the
output power of the governor is a constant value P".;. The
VSG runs in the traditional mode. When Ul is lower than
Ulc-mpp, that is, the PV enters unstable Interval I, the voltage
deviation synthesizes a new Py through the PI controller to
reduce the reference value of the output power. It can be
known from (8) that the actual output power of the VSG can
be reduced. Thus, the DC side voltage rises back to Udc-mpp,
which means the PV can return to the maximum power point.
In conclusion, the reference value of the output power of the

governor is:
x 1 I
P = Pref - (Kp + Kz ;)(Udc—mpp _Udc) Udc € (9)
ref .
P, U,el

Although many studies have proved that the VSG has
excellent stability, it can be seen above that the DC voltage
controller actually adds an extra closed loop for the VSG.
Therefore, the stability of the PV-VSG needs to be
re-analyzed.

IV. STABILITY ANALYSIS AND METHOD
IMPROVEMENT

In order to analyze the stability of the proposed PV-VSG
control strategy, it is necessary to establish a small signal
model of the VSG without the DC side voltage control.
According to the transmission characteristics of the line [19]:

EU

F, =75 (10)

Fig. 6. Power transfer small signal model of a traditional VSG.

Py is the output power of the inverter, U is the voltage
amplitude of the PCC point, E is the output voltage amplitude
of the inverter, X is the line impedance, and ¢ is the phase
difference between the output voltage of the inverter and the
voltage of the PCC point. In addition:

t t
o= Awdi=[ (@, —w,,)d (11)

pee

Where wpee is the angular frequency of the PCC point.
Thus, the VSG power transfer model is obtained, as shown in
Fig. 6.

On the basis of Fig. 6, the PV and capacitor model shown
in Fig. 2 and the control strategy shown in Fig. 5 are
introduced. Thus, a power transfer small signal model of the
PV-VSG with additional DC voltage control is obtained, as
shown in Fig. 7.

Because an integral link is introduced because of the added
DC side model, an additional pole is introduced to the
characteristic equation of Fig. 7, which may bring potential
instability factors to the system. In the MATLAB/Linear
Analysis Tool, root locus analyses are performed in the models
shown in Fig. 6 and Fig. 7, and the used parameters are
shown in Table I. The results are shown in Fig. 8 and Fig. 9.

It is worth mentioning that f{Ua) has been linearized as
shown in equation (4). In addition, due to the existence of the
amplitude limiting module, only when the operating point is
located on the left side of MPP can it form the closed loop of
the DC side as shown in Fig. 7. Thus, according to equation
(4), {Uu) is equivalent to the proportional coefficient K.

As shown in Fig. 8, no matter how much the inertia
coefficient J changes, the closed-loop pole of the system is
always in the left half plane of the imaginary axis, which
means that the value of J does not affect the stability of the
VSG system. However, in Fig. 9, when the inertia coefficient
J increases to 9.5 kgm?, the closed-loop pole of the system
enters the right half of the imaginary axis, which means that
the value of J is limited when the DC side voltage closed-
loop control is added to the VSG. However, reducing the
inertia coefficient J for this reason undoubtedly affects the
inertia performance of the system [19], [20]. In addition, the
entire closed-loop pole of Fig. 9 is closer to the imaginary
axis than that of Fig. 8, which means that the oscillation of
the output power of the PV-VSG system is greater than that
of the VSG under the same inertia coefficient J.

As pointed out in the previous chapter, the PV works at the
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Fig. 7. Power transfer small signal model of the proposed PV-VSG.

TABLE I

PARAMETERS USED IN TOOT LOCUS ANALYSIS
Parameter Value
Filter inductance (L) 0.6 mH
Filter capacitance (Cy) 0.45 mF
Line impedance resistance (R;;.) 0.0028Q
Line impedance inductance (Lj;.) 5.6 mH
Ac bus voltage (Ep,) 380V
Inverter output voltage (Uy,) 380V
AC bus angular frequency (wpc) 314 rad/s
DC side capacitance (C) 0.015F
Reference angular frequency (@) 314 rad/s
Droop coefficient (K,,) 60
Damping coefficient (D,) 20
Reference output power (P,) 12 kW
DC side capacitance initial voltage (Uci,) 900 V
PV voltage at maximum power point (Uc.mpp) 800V
Proportion coefficient of PI controller (K,) 80
Integration coefficient of PI controller (K;) 20
Inertia coefficient of VSG (J) 1-200 kgm?

100
el J=9.5kgm’
50 J increases -~ X *xnd
S
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-100
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Fig. 8. Root locus analysis of a traditional VSG when the inertia
coefficient J changes from 1 kgm? to 200 kgm?.
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Fig. 9. Root locus analysis of the PV-VSG with DC voltage
control when the inertia coefficient J changes from 1 kgm? to
200 kgm?.

Fig. 10. Structure diagram of the improved rotor model.

MPP point when Uk is less than Ulie-mpp, that is, the additional
DC side voltage control takes effect, which means that the
inverter output constant power does not participate in
frequency modulation work at this time. At the same time, the
inertia link of the VSG also loses its significance. Therefore,
the inertial link can be greatly reduced when the additional
DC side voltage control comes into effect to maintain the
stable operation of the system.

According to this, the rotor model shown in equation 5 is
improved to make the inertial coefficient automatically
change according to the operating state, as shown in Fig. 10.
When U is less than Udcmpp, switch to the small inertia
coefficient Js; otherwise, maintain the normal inertia
coefficient J,. Because the inertia coefficient J only affects
the dynamic process of the system when the frequency
changes, this switching does not affect the stability of the
system near the switching point. A threshold for AU can be
applied to avoid the chattering of J during operation. This
threshold is set to 3% of Uacmpp in this paper.

If the improved rotor inertia coefficient is switched to J,,
the additional DC control is not introduced at this time. Then
the system remains stable. If the inertia coefficient is switched
to Js when the closed loop with the additional DC control is
added, the root locus of the system is still on the left side of
the longitudinal axis due to switching to a smaller inertia
coefficient. Therefore, stable operation of the PV-VSG is
achieved.

V. EXPERIMENTAL VERIFICATION

In order to verify the feasibility of the PV-VSG control
scheme, a system where two PV-VSGs are parallel with each
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Fig. 12. Output power and frequency when power supply always
exceeds the demand.

other is selected as the experimental object. The overall
system configuration is shown in Fig. 11.

The outputs of the two parts of the PV simulators are
independent of each other. The computer, which runs
LabView, controls the PV simulator and observes the operation
status of the system online. The main parameters of the system
are the same as those in Table I. Two different working
conditions were selected for verification.

A. Load Fluctuation under the Premise of the Power
Supply Exceeding the Demand

The two PVs are always under the rated intensity of
illumination lo, and Puypy is 17.5kW. The main parameters of
the two VSGs are the same, and the inertia coefficient is 12
kgm®. However, the droop coefficient of VSG2 is 40. The
load is 21kW at Os. It increases to 24kW at 5s and is restored
to 21kW at 10s. The power supply always exceeds the
demand. The system has been running steadily since Os.

Since the power supply always exceed the demand, U is
always greater than Udcmpp, when the additional DC side
voltage control was not introduced, and the PV-VSG was
operated in the traditional VSG mode. As show in Fig. 12, the
output powers of the two PV-VSG increase as the load
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Fig. 14. DC voltage and output power of PV-VSG2 with the
additional DC side voltage control.

increases and the power is shared according to the droop
coefficient. However, the frequency changes slowly because
both of the VSGs provide inertia for system.

B. Power Shortage Caused by a Sudden Drop in the
Intensity of lllumination.

The experimental parameters are the same as those in the
previous example, and the two VSGs have the same droop
coefficients. The load is constant at 22kW and the intensity of
illumination of PV2 changes to 0.5/ at 5s and returns to /o at
10s. The intensity of illumination of PV1 is constant at /o.
The system has been running steadily since Os.

Taking PV-VSG2 as example, there is no additional DC
side voltage control or improved rotor model in Fig. 13. Both
of the PV-VSGs run steadily before 5s. The voltage of the PV
is about 850V and it operates in the stable interval. At Ss,
there is a sharp drop in the intensity of illumination of PV2,
Pupp is reduced greatly and there is a phenomenon of short
supply. The electric charge of the DC side parallel capacitor
is gradually depleted resulting in a stepping down of the
voltage, and the PV enters into the unstable interval. After a
period of time, the DC terminal voltage is not enough to
maintain the normal operation of the inverter, which leads to
a collapse of the parallel system. Even when the illumination
is restored at 10s, the system cannot return to the stable
operation point.
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Fig. 17. Inertia coefficient and frequency with the additional DC
side voltage control and the improved rotor model.

When the additional DC side voltage control is added, as
shown in Fig. 14, the DC side voltage control effectively
inhibits the collapse of the system caused by a sharp decline
of the DC voltage. However, the stability of the system
decreases after the DC side voltage control is added. It can be
seen in the figure that both the DC voltage and the output
power oscillate and present a diverging trend.

Due to the addition of the improved rotor model, the inertia
of PV-VSG2 decreases and the stability of the system is

improved when the DC side voltage control comes into effect.

As shown in Fig. 15, the output power of PV-VSG2 can be
stabilized at 7kW after Ss, and the DC voltage gradually rises.
Because the intensity of illumination of PV1 is constant, no
matter how much the control mode of PV-VSG2 changes,
PV-VSGI runs under the traditional VSG control during the
whole operation process, as shown in Fig. 16. It is worth
mentioning that, as can be seen from Fig. 17, the system
frequency does not change quickly when the additional DC
side voltage control and the improved rotor model have taken
effect. This is due to the fact that the total inertia of the
system is always the sum of the inertia of the two PV-VSGs.

VI. CONCLUSION

Since it is difficult to apply the traditional VSG to a PV
connected to the grid, this paper proposes a PV-VSG system
which can automatically cut into DC side voltage control
when a PV is short of supply, in order to avoid the inverter
failures caused by voltage sag. The results of a stability
analysis on the proposed system show that the additional
voltage closed loop reduces the stability of the entire system,
which can cause serious power oscillation. For this reason, a
new rotor model is designed to realize the switching of the
inertia coefficient to improve the stability of the system.
Finally, the effectiveness of the proposed control strategy and
improvement measures are verified by experimental results.
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