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Abstract—The large inertia of a traditional power system
slows down system’s frequency response but also allows decent
time for controlling the system. Since an autonomous renewable
microgrid usually has much smaller inertia, the control system
must be very fast and accurate to fight against the small inertia
and uncertainties. To reduce the demanding requirements on
control, this paper proposes to increase the inertia of photovoltaic
(PV) system through inertia emulation. The inertia emulation
is realized by controlling the charging/discharging of the direct
current (DC)-link capacitor over a certain range and adjusting
the PV generation when it is feasible and/or necessary. By
well designing the inertia, the DC-link capacitor parameters
and the control range, the negative impact of inertia emulation
on energy efficiency can be reduced. The proposed algorithm
can be integrated with distributed generation setting algorithms
to improve dynamic performance and lower implementation
requirements. Simulation studies demonstrate the effectiveness
of the proposed solution.

Index Terms—Inertia emulation, microgrid, photovoltaic sys-
tem, renewable energy, voltage source converter.

I. INTRODUCTION

ICROGRID can be defined as a cluster of loads and
distributed energy resource (DER) units, serviced by
a distribution system and can operate autonomously without
connecting to power grid. The microgrid concept is a big
step towards solving the controllability problems of distributed
resources. A microgrid is a quite appealing alternative for
overcoming the challenges of integrating DER units, including
renewable energy sources, into power systems etc. [1]—[4].
For a microgrid to work autonomously, it must maintain
its own supply-demand balance. If supply does not match
demand, the grid frequency will change at a rate determined
by the total microgrid inertia coefficient that is decided by
the overall spinning kinetic energy in the microgrid. Since
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inertia stands for the sensitivity of frequency to supply-demand
mismatch, it plays an important role as primary reserve [5]—
[7]. However, the inertia of autonomous microgrids under
high renewable penetration is usually very small due to the
integration of large number of power electronic interfaced
distributed generators [8], [9].

Unlike doubly-fed induction generators (DFIG) that still
possess reduced inertia, the fully voltage source converter
(VSCO) interfaced photovoltaic (PV) system does not have
any kinetic energy thus does not contribute any inertia to
the power system. For autonomous microgrids under high PV
penetration, the small inertia of microgrid makes the system
very hard to control. Developing brand new microgrid control
solutions which are fast and accurate, is very challenging
and still has a long way to go. During this stage, it is still
necessary to intentionally increase the inertia of the microgrids
to lower control difficulty. In this way, the solutions that have
proven being successful for large-scale power systems can be
introduced to autonomous microgrid.

Inertia utilization and inertia emulation of renewable energy
resources have been studied in recent years. In [10]—[13],
wind generator’s rotor inertia is utilized to counteract grid
frequency fluctuations. One disadvantage with these methods
is that even small grid frequency changes steadily affect the
action of the wind turbine’s blade and the recovery of rotor
speed can be difficult after large frequency deviations. In
[14], DC-link capacitor energy is used for inertia emulation
in VSC-HVDC transmission system for wind farms. If the
grid frequency changes, DC-link voltage reference of VSC
is adjusted to inject or absorb active power for suppressing
frequency fluctuation. The advantage of this control method
is that it has no impact on the rectifier connected to wind
farms. To emulate large inertia, this method requires big
capacitance and wide range DC-link voltage. Also, high DC-
link voltage should be set to satisfy the wide DC-link voltage
margin, which will cause more switching loss and noise and
require stronger filters. Using additional energy storage (ES)
can address the disadvantages effectively but will increase cost
[15].

For autonomous microgrids, deloading of the renewable
generators (RGs) becomes necessary under redundant renew-
able generation. To realize frequency stabilization or supply
demand balance, the multiple RGs must be well coordinated.
In authors previous papers [16], [17], two fully distributed
algorithms are presented for this purpose. The concept is to
synchronize all utilization levels of multiple RGs to the desired
level. In [16], a consensus based information discovery algo-
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rithm is presented to calculate the desired utilization level. In
[17], the coordination problem is formulated as an optimiza-
tion problem and solved by distributed subgradient algorithm.
For both algorithms, the generation references of the RGs are
updated periodically. To achieve good dynamic performance
the updating interval of the generation reference must be small
enough and well-tuned. For large and complicated microgrids,
the requirements might become hard to satisfy. The difficulties
are mainly due to the fact that transient performance is not
considered during problem formulation.

The objective of the paper is to improve transient control
performance of autonomous renewable microgrid and lower
the implementation difficulties of the distributed deloading
algorithms [16], [17]. The objectives are realized by increasing
the inertia of PV systems to emulate traditional synchronous
generators (SGs). For inertia emulation, the overall generation
must be flexibly adjusted based on grid frequency. To minimize
the impact on energy efficiency, the first choice is to well
utilize the ES components in the PV systems, i.e., the DC-
link capacitor, just like the way in [14]. Since the charging and
discharging of the DC-link capacitor does not have any impact
on PV generation, long-term energy efficiency is not affected.
As mentioned earlier, the amount of power that can be adjusted
by the DC-link capacitor is limited. If the requirement for
inertia emulation is beyond certain limit, the PV array’s output
must be adjusted higher or lower. If renewable generation is
more than needed, this adjustment has no impact on energy
efficiency. Even when energy efficiency is a big concern, we
might need to compromise it in exchange for better stability
and transient performance. Thus, the proposed solution is
practical and reasonable, as demonstrated through simulations
with autonomous microgrids with multiple RGs.

The rest paper is organized as follows. Section II introduces
the virtual inertia concept of PV system. Section III introduces
how virtual inertia can be emulated through DC-link voltage
control and PV array generation adjustment. Simulation results
with a multiple-RG microgrid are presented in Section IV.
Finally, the concluding remarks are provided in Section V.

II. VIRTUAL INERTIA OF PV SYSTEM

In traditional power systems, supply-demand imbalance
changes system frequency at a rate determined by the total
system inertia, which is given by
2¥H df

fo dt
where AP is the active power supply-demand imbalance, X H
is the total inertia coefficient, fj is the nominal frequency, and
f presents the grid frequency.

The inertia in a power system mainly comes from the SGs.
The inertia coefficient of a SG, Hsg, is given as (2).

AP =

(pu) (1)

Hsa Soa 2
where W, presents the kinetic energy stored in the rotating
rotor and Sgg is generator rated power capability.

To increase the overall inertia of the autonomous microgrid,
it is important to increase the inertia of the VSC interfaced

RG, especially the zero-inertia PV systems. Fig. 1 shows the
topology of a typical PV system that consists of a PV array,
a DC-DC boost converter, a DC-link capacitor, and a VSC.
The PV array generates DC power, which is boosted to meet
the grid voltage requirement. The DC-link capacitor is mainly
used for voltage stabilization and decoupling. Finally, the VSC
is used to convert DC to AC and to meet the grid code.
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Fig.1. Topology of a PV system.

To emulate the inertia of SG, the virtual inertia coefficient

of a PV system can be defined in a similar way as (3).
Hpy = ¢ © G)
PV

where W is the kinetic energy to emulate and Spy is the PV
system’s rated power capacity.

Similar to that of SG, The frequency dynamics of the PV
system during inertia emulation can be given by

AP = — 4)

where APy is the change of active power generation of the
PV system for inertia emulation.

According to (4), the inertia of Hpy can be emulated if
the generation of PV system can be properly adjusted. During
implementation, a generator periodically receives generation
reference from upper-level controller, either centralized or
distributed. Operational constraints, such as energy efficiency,
supply-demand balance, and other constraints, can be ad-
dressed during generation references setting. Once the genera-
tion reference is received, it will be deployed immediately and
then adjusted according to (5) until a new generation reference
is delivered.

Pg = Pgo — AP (5)

where Pgg = Ppvyo is the generation setting from upper level
controller and Pg is the updated generation setting due to
inertia emulation.

From (5), one can see that if there is no inertia emulation
(AP = 0), there is no generation adjustment Pg = Pgg. If
the grid frequency increases (rotational speed of the emulated
SG increases), more kinetic energy will be stored for inertia
emulation. By subtracting the power for inertia emulation
(APg), the PV generation will be reduced. Reduced gen-
eration will help reducing system frequency. The opposite
scenario can be explained in a similar way.

The concept can be better understood by comparing it with
the hierarchical control scheme in traditional power systems.
APy is like the decentralized droop or local controls that
are myopic. To correct the semi-steady control deviation
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and address other system level considerations, upper-level
economic dispatch and automatic generation control will be
activated periodically. Here, it is assumed that Pgq is a good
control setting for the instant of time it is delivered to the PV
system. The idea is like adding a differential adjustment to
generation reference. In the following section, we will discuss
how to realize inertia emulation.

III. INERTIA EMULATION OF PV SYSTEM

Before continuing our discussion, it should be noted that
the virtual inertia based deloading control is just one mode of
control. During generation shortage, all PV systems should
work at maximum power point tracking (MPPT) mode. If
renewable generation itself is more than demand and/or fre-
quency regulation becomes more important, some or all of
the PV systems can work at the inertia emulation mode. Even
though energy efficiency becomes secondary under this mode,
it is still important to maintain the energy efficiency as much
as possible.

One way is to fully utilize the ES unit of the PV system, i.e.,
the DC-link capacitor. Since charging and discharging of the
capacitor does not affect the MPPT control of PV array, energy
efficiency in the long run is not impacted. Since the size and
voltage range of the capacitor are limited, its contribution to in-
ertia emulation is limited. If the emulated inertia or the change
of frequency is beyond the capability of DC-link capacitor, the
generation from the PV array has to be adjusted. Reducing PV
array generation might compromise energy efficiency. In above
two-step solution for inertia emulation, the capacitor control
is the first choice and PV generation adjustment is the second
choice.

The overall generation adjustment for inertia emulation is
implemented according to (6). The implementation details are
introduced as follows.

APr = AP + APpvy (6)

where AP¢ is the contribution to inertia emulation from DC
link voltage control and APpy is the contribution from PV
array generation adjustment.

A. Inertia Emulation Through DC-link Voltage Control

DC-link capacitors are used to maintain the DC-link voltage
and alleviate voltage ripple. The capacity is determined by
permission rate of the voltage ripple, voltage level, switching
frequency of power electronics, etc. The PV system generally
has small DC-link capacity because of the constraints on
cost and size. Hence, the capacitor itself is only capable of
emulating small inertia. However, this capacitor is useful for
small oscillation damping if properly controlled.

The energy stored in the DC-link capacitor (W) is given
by

1
WC = icDCV[gc (7)

where Cpc is the capacitance of the DC-link capacitor and
Vpe is the DC-link voltage.
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The power of the DC-link capacitor in per unit can be
presented by (8), which means the change of the DC-link
voltage can generate power.

_ CpcVoe  dVpc
Spv dt

Conventionally, the control reference for DC-link voltage
in VSC is set to a fixed value. Thus, the DC-link capacitor’s
capability is not utilized. In [14], it is shown that DC-link
capacitor’s energy can be used for virtual inertia emulation
if variable DC-link voltage reference (V[5.) defined as (9) is
introduced.

Vi = \/4SPVHPVf ~ 4SpvHpy

APo

®)

2
Cpcfo Cpc Voeo ©)
where Vpco presents the nominal DC-link voltage.

From (9), one can see that the V5. is a nonlinear function
of system frequency f. Setting of V5. is also related to other
rating and parameters of the PV system and the inertia to
emulate. Fig.2 shows the relationships between V5. and f
for different Cpc and Hpy, Hpy = 1.5 for Fig.2(a) and
Hpy = 4.5 for Fig.2(b) under the condition in Table I. It
can be seen that the smaller Cpc and larger Hpy increase the
nonlinearity of V3~ function (9).

TABLE I
PARAMETERS FOR 6-BUS SIMULATION

Item Specification
Inertia coefficient of SG 3
Inertia coefficient of DFIGs 1.5
Terminal bus voltage 25kV
Output voltage 4160V
PV DC-link nominal voltage 6500 V
systems DC-link voltage boundary + 200V
DC-link capacitance SmF

Generally, the lower limit of the DC-link voltage can be
set to avoid over-modulation of the VSC, the upper limit is
the maximum rated voltage of physical capacitor. If a high
nominal voltage is used, more energy will be available for
inertia emulation. However, using high voltage will bring in
many problems. First, it will increase switching harmonic
distortion, which requires bulky output filters. Second, it will
increase switching loss and lower system efficiency. Third,
voltage rating of other components is needed to match the
voltage setting. To avoid these problems, we only consider
normal value and narrow DC-link voltage ranges.

In order to reduce computational complexity, (9) can be
simplified due to the narrow DC-link voltage ranges. The
derivative of (9) at fy can be obtained as

2Hpv Spy
Cpc foVbeo
Through linearization, the equation for DC-link voltage
reference can be simplified according to (11)
VE 2Hpy Spv
DC = A~ _r17
Cpc foVbeo

Vclso = (10)

(f = fo) + Vbco- (1)
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By comparing (11) with (9), it can be seen that the original
nonlinear function with respect to f is transformed into a
simple linear function. As shown in Fig.2 (c), the difference
between the nonlinear and linear relationships is very small
due to the limited operating range. Thus, (11) is a better choice
than (9) due to its good balance of accuracy and simplicity.

B. Inertia Emulation Through PV Array Generation Adjust-
ment

The PV array’s generation setting (Ppy) can be calculated
according to (12).

Pp\/ = PPVO — APPV = PG + APC (12)

It should be noted that the Ppvy calculated according to
(12) has already considered the overall requirement for inertia
emulation. Even though A Ppv is not directly calculated based
on APpy = APy — APg, (12) can make sure the desired
Pg is generated.

C. Algorithm Implementation

Fig. 3 shows the overall block diagram of the proposed vir-
tual inertia based control strategy. First, PV array’s maximum

Proposed algorithm

Overall block diagram of the proposed virtual inertia based control strategy.

max

PV
operating condition. Based on microgrid’s overall generation

capability and demand, the utilization level u* is updated by
the upper-level controller, which could be either centralized

generation is estimated according to the PV array’s

or fully distributed [16]—[17]. Based on P5#* and u*, Pgo
(Ppyo) can be calculated. During steady state, there is no
need for inertia emulation (AP;r = 0). Thus, Pgo will be
used as control reference for the DC-DC boost converter and
the nominal DC-link voltage (Vpco) will be used as reference
for DC-AC converter control.

During transient states, the proposed virtual inertia control
algorithm is activated. The calculations of APpy and V3.
for inertia emulation are illustrated in Fig.4. First, the total
amount of power required for inertia emulation (AP) is
calculated according to (4). Based on parameter setting and
frequency, V5 can be calculated according to (11). According
to V3¢, the amount of power for inertia emulation covered by
the DC-link capacitor (AP¢) can be calculated according to
(8). By subtracting A P¢ from A Pig, A Ppy can be calculated.
Finally, the adjusted V3~ and adjustment to Ppy are obtained
for virtual emulation. The updated values are used as control
references for the DC-DC boost converter and DC-AC inverter,
respectively.
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Fig.4. Calculation of PPV and V. for inertia emulation.

This proposed virtual inertia control algorithm is suitable for
autonomous microgrids with PV systems. In grid-connected
mode of the microgrid, since sufficient inertia is provided by
the main power grid, there is no need for inertia emulation
within the microgrid. If the PV systems are operated at the
MPPT mode, there is no extra power requirement for inertia
emulation. If a microgrid is operating autonomously, the PV
systems may not work at the MPPT mode when available
renewable generation is more than needed. Even if there is no
surplus renewable generation, the PV systems could run at de-
loading mode, which creates concerns on stability and transient
performance outweighing the concern on energy efficiency.
The existence of generation margin due to deloading allows
the imposing of the presented virtual inertia control strategy.
The first option of DC-link voltage control is only capable of
damping slight frequency oscillations yet can reduce impact
in PV array side. The second option of PV array generation
adjustment is much more capable and can accommodate all
the remaining demand for inertia emulation.

IV. SIMULATION STUDIES

During simulation studies, the proposed virtual inertia based
control strategy is integrated with the gradient-based dis-
tributed coordination algorithm [17] and tested with a 6-bus
renewable microgrid shown in Fig.5. The microgrid contains
6 loads, three DFIGs, two PVs and one SG. The DFIG at
bus-1 (abbreviated as DFIG1) is controlled in reactive power
regulation mode, the DFIG4 and DFIGS5 are controlled in
voltage regulation mode, and the PV2 and PV3 are controlled
in unit power factor mode. The active power output of the SG
is maintained at zero when the wind power is sufficient. When
the wind power is insufficient, the SG is controlled to increase
the output for regulating the frequency. The ramp-up and
ramp-down rates of the SG are both set to be 0.4 MW/s. During
simulations, time step for utilization level update is selected to
be 0.1s, which has good balance of control performance and
technical feasibility. More information about the distributed
algorithm and the 6-bus microgrid model can be found in [17].

The wind speeds of the DFIGs at bus-1, bus-4, and bus-5
are constant at 11 m/s, 14 m/s, and 14 m/s, respectively. The
solar insolation of PVs at bus-2 and bus-3 are 900 w/m? and
1000 w/m?, respectively. Hence, the available renewable gen-
eration active power are 1.95, 4,05, 4.50, 6.00, and 8.50 MW.
The active loads are 5.00, 3.00, 6.00, 3.00, 2.00 and 4.00 MW,
and the inductive loads are 1.00, 0.80, 1.20, 0.60, 0.80 and
2.00 M Var, respectively. The SG’s initial generation power in
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Fig.5. Single line diagram of a 6-bus microgrid and communication topol-
ogy.
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the grid-connected mode is 2 MW. An islanding event at 20's
and 5 % load increase event at 40s are simulated to test and
compare the performance of the proposed control.

The results without the proposed algorithm are shown in
Figs.6 and 7. Before 20s, the microgrid operates in grid-
connected mode so that all the utilization levels in Fig. 6 (a)
are maximum value 1 which means that all RGs are using
MPPT control. The terminal voltages of DFIG4 and DFIG5 are
controlled on the nominal value by voltage regulation mode,
and the other terminal voltages are placed around the nominal



IM et al.: DISTRIBUTED VIRTUAL INERTIA BASED CONTROL OF MULTIPLE PHOTOVOLTAIC SYSTEMS IN AUTONOMOUS MICROGRID 517

value without large errors as shown in Fig. 6 (c). In Fig. 7, The
output power of the SG and five RGs present the available
maximum P57 and initial values. Since the total power of
RGs is larger than the sum of microgrid loads, the rest of the
power is transmitted to the main grid through PCC.

After 20 s, the distributed coordination control is activated
by the algorithm of [17]. Then the utilization levels are
changed to satisfy the supply-demand balance in the islanding
mode. In Fig. 6 (b), the peak value of the frequency deviation
is about 0.6 Hz. All the active power outputs of RGs in Fig.7
track well the common references in Fig. 6 (a). After islanding
mode, the total power generation is sufficient to satisfy the
microgrid loads. Thereby the active power of the SG goes
down toward zero in Ss in Fig.7(a). All the waveforms can
be converged in 40s.

Then, the 5% load increase occurs at 40s. By using the
distributed coordination control, the new utilization levels are
conveyed. The frequency is converged after short transient
time. In the case of 5 % load increase, the maximum frequency
deviation is approximately 0.08 Hz.

Figs.8 and 9 show the results with the proposed virtual
inertia algorithm. In the simulation, the inertia coefficients
Hpy of two PVs are both 1.5. After the islanding event,
even though the minimum value of the utilization levels is
higher than that of Fig. 6 (a), the frequency deviation is reduced
approximately 0.1 Hz as shown in Fig.8(b). In the case of
the load increase, the frequency deviation is improved about
0.01 Hz. The output powers of three DFIGs in Fig. 9 are nearly
similar to those of Fig.7. However, the two PV’s outputs are
different due to the proposed algorithm. The zoomed and
overlaid system responses with and without the presented
inertia emulation (IE) strategy are presented in Fig. 10. The
improvement of the frequency damping can be confirmed
through Fig. 10(a). The output active power revised by the
proposed algorithm are shown in Figs. 10(b) and 10(c). In
the case without algorithm, the two active powers of PVs are
just tracking the utilization level after islanding mode. In the
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case with the algorithm, however, the active powers calculated
by the proposed algorithm are added to reference power Pgg
for emulating inertia. When the frequency increases, the active
powers of PVs decrease. In contrary, when the frequency de-
creases, the active powers increase. As a result, the frequency
deviation can be reduced. As shown in Fig. 10(d), the DC-
link voltage varies according to the frequency so that the
charging or discharging power help the frequency to be stable.
In particular, when the frequency deviation is small, all the
power A P can be covered by the DC-link capacitor without
any support from PV array. It means that the DC-link capacitor
is acting as a good buffer to avoid the frequent reference
change in PV array.

In the previous test, the update time of the reference
setting Pgo from upper level controller is 0.1s due to the
consideration of the system stability. However, after adding
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the proposed virtual inertia, the system can have decent time
to control. Even though the global reference Pgo is updated
slowly, the local reference A Pig for inertia emulation can be
changed itself. Thus, the system can be stable although the
update time is large. The results with a large update time
0.3s are shown in Figs. 11 and 12. The utilization level u*
i.e., power reference Pgg is updating every 0.3s as shown
in Fig. 11 (a). In spite of the disconnection form the grid at
20s or 5% load increase change at 40s, the system can be
controllable to satisfy the supply-demand balance. Actually,
it is because of the increased system inertia. In this test,
inertia coefficient Hpy for two PVs are both 4.5. If the
two inertia coefficients are lower than 4, the system becomes
unstable after 20s. As shown in Figs. 12(c) and 12 (d), the
two PV systems are generating the active powers based on
the virtual inertia algorithm so that it can prevent frequency
collapse. Therefore, the proposed virtual inertia control can
help stabilizing system when the upper-level control reference
cannot be delivered frequently enough.

IEEE/CAA JOURNAL OF AUTOMATICA SINICA, VOL. 4, NO. 3, JULY 2017

V. CONCLUSION

This paper presents a virtual inertia control strategy for
PV systems in autonomous microgrid. The basic idea is
to adjust generation based on a simplified SG model. The
increasing or decreasing PV system generation is realized
by adjusting the DC-link voltage and PV array output. By
integrating the proposed solution with a previously developed
distributed gradient-based coordination algorithm, transient
performance can be improved and the demanding requirement
on updating frequency can be relaxed. The solution is suitable
for autonomous microgrids when they have surplus renewable
generation and when consideration on transient performance
outweighs energy efficiency. The basic idea can be extended
to other types of RGs with DC-link capacitors. The solution
tries to make microgrid work like a large power grid with
large inertia. Thus, it cannot unlock the potentials of power
electronics based microgrid in terms of flexibility and fast re-
sponse. Future work should be focused on designing advanced
fast and accurate microgrid controllers.
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