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Many control strategies for grid-interfacing voltage source inverter (VSI) of distributed genera-
tion (DG) units have been reported for grid support, among them virtual synchronous machine (VSM)
techniques, in particular the Synchronverter which has the ability to operate in voltage and frequency
support mode, in active and reactive power control mode, in synthetic inertia and in conventional

grid-side control of DG. The VSM-based VSI has its support capacity expanded by battery energy
storage systems (BESS). In this work it proposes the Synchronverter to control a lithium-ion BESS
connected to DC-bus of DG seeking grid frequency and voltage support. Since Synchronverter al-
lows the conventional grid-side control which allows bi-directional flow, BESS charge-discharge is
controlled without using DC/DC converter. Simulation results demonstrate the effectiveness of the
Synchronverter for both of support and change-discharge control.

1. Introduction

The VSI used by renewable energy sources (RES) for
grid integration is typically operated as controlled current
source in "grid following" [10]. These VSIs have fast re-
sponse and almost no moment of inertia; besides that, they
cannot provide connection bus voltage control. Thus, it is
difficult to provide necessary frequency and voltage supports
for the grid [7]. Aiming to overcome these limitations, re-
search is being conducted in order to enable VSI to partici-
pate of control and mitigation of low frequency and voltage
oscillations of the grid [20].

The concept of VSM has been proposed as a possible
solution to stability concerns, and so a VSI presents a “grid
forming” control mode to improve behavior from a grid per-
spective [2][23][18][12]. The VSI controlled by VSM be-
haves like a synchronous generator (SG) and therefore can
potentially be used to change system inertia and to voltage
control [10].

There are several study groups that have developed the
VSM concept: the VSYNC project (the project formed by
several European companies and universities) [18],[6]; the
ISE Laboratory in Osaka University in Japan [12],[5]; the In-
stitute of Electrical Power Eng. (IEPE) in Germany [2],[3];
and the Synchronverter technique developed by [23].

In [17], performance tests were presented for the above
mentioned VSM topologies. It was observed that the Syn-

chronverter topology presented advantages over the other VSM

topologies, showing itself as a promising solution to prob-
lems related to high integration of RES to the grid. It has
made possible to operate as generator/motor with controlled
active and reactive powers [15]. Also, the powers can be
automatically shared using the well-known frequency and
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voltage-drooping mechanisms [ 14], acting in maintaining grid
stability [11]. Moreover, the Synchronverter can provide vir-
tual inertia to improve frequency stability, the same way as
a conventional SG. This event slows down the tendency of
decreasing inertia of the grid due to the high penetration of
RES [24]. Itis also capable of operating in a similar mode to
conventional grid-side control (grid following), in which the
active power is controlled based on the DC-bus voltage [16].
Another advantage is that the Synchronverter can automati-
cally synchronize itself with the grid without using a phase-
locked loop (PLL) [24]. The advantage is avoiding PLLs
which are inherently nonlinear, so it is extremely difficult
and time-consuming to tune adjustments to established pa-
rameters in order to obtain satisfactory performance [21].

In turn, BESS can be connected to the DC-bus of RES
VSI since battery can supply lack of energy or store excess of
energy from the grid, potentiating the use of VSM. In [13],
the Synchronverter was used on a photovoltaic system whose
the DC-bus is connected to a battery bank via a DC/DC con-
verter to provide an uninterrupted supply even with irradia-
tion and climatic changes. The battery works as an ancillary
service to the PV system. Further, the behavior of the syn-
chronverter under various voltage and frequency variations
is analyzed.

In this paper it proposes to connect the BESS in paral-
lel to DC-bus and control its charge-discharge without using
the DC/DC converter but through the conventional grid-side
control realized by Synchronverter, seeking to reduce the
complexity of the control and the cost of the system. The
proposed scheme uses converters in the back-to-back con-
figuration, where the source-side converter is connected to
the RES (wind or photovoltaic) and the grid-side converter
is the Synchronverter, as it is shown in Fig. 1.

Therefore, the contributions of this work are supposed to
be:

e Frequency support, active power regulation and syn-
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Figure 1: Proposed topology schematic. Own authorship, note: wind turbine, transformer
and transmission line, adapted from [19].

thetic inertia, where the battery bank is able to self-
charge without utilizing the DC/DC converter;

e Voltage support and regulation of reactive power to
maintaining the voltage stability of the grid.

In order to test the proposed system performance, com-
puter simulations are realized with the BESS represented by
amodel of a real lithium-ion battery. The VSI-Iis controlled
via conventional source-side control. The grid is represented
by an infinite bus and an equivalent series impedance.

The remainder of the paper is organized as follow: Sec-
tion II discusses the fundamentals of Synchronverter; Sec-
tion I1I presents the model of the real lithium-ion BESS; Sec-
tion IV presents the operation modes of the Synchronverter;
Section V presents the simulations of case studies; and the
Conclusions are given in Section VL.

2. Synchronverter

In this section, the details about how to implement a VSI
as a Synchronverter will be described, as proposed in [22].
The structure of the Synchronverter can be divided into two
parts: a control circuit and a power circuit.

2.1. Control Circuit
For VSI to have a similar behavior to a SG it is neces-
sary to use second order mathematical model of the SG for

the development of a control algorithm implemented for the
VSL

2.1.1. Electric Model

The synchronous generator has three windings in the ar-
mature (stator) and one winding in the rotor. The schematic
sketch of the windings of the three-phase cylindrical rotor
synchronous generator/motor is shown in Fig. 2. Consider
the following assumptions: the magnetic circuits are con-
sidered linear, and also balanced armature currents and the
rotor has no damping windings.

L

/ in

S

Figure 2: Schematic synchronous generator (being p = 1).

The flux linkages of the armature phases a, b and ¢ and
the field winding f are expressed in terms of inductances
and currents, such as:

®, = Lgi,+ Lyyip+ Lygi.+ Lygiy (1
Dy = Lyi,+ Lypip+ Lyeic + Lyyis 2)
@, = Leig+ Lepip+ Lecic+ Legiy 3)
©, =Lypig+ Lypiy+ Loyio+ Lysiy. 4)

The items above subscripted with equal letters (L, ) in-
dicate self-inductances and the ones with different letters
(L,,) indicate mutual inductance between two windings. Be-
ing i, iy and i, the phase currents of the stator and i, the
excitation current.

The mutual inductances between stator and rotor vary in-
stantaneously with 6,,, which is the virtual mechanical angle
between the axis of the field winding and the phase a, as it is
shown in Fig. 2. In order to obtain the mutual inductance, it
is necessary to calculate the electric angle between the mag-
netic axis of the field winding and the phase a, which is given
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by 6, = pf,,. Where 6, is the virtual electric angle and p is
the number of pole pairs, thus:

L, = M cos(6,) (@)
Ly, = M;gcos(9,— 2?”) (6)
L =M;jcos(6,— 4?”). 7

For a synchronous machine as a cylindrical rotor, the
self-inductances of the stator and rotor windings do not de-
pend on 68,,. Then, the self-inductances are constant. There-
fore:

Laa = Lbb = Lcc = Laac + Laad (8)
Where L, and L, are the components of the self-
inductances due to the main fluxes of the stator windings
and field. So, L4 and L ;, are the additional components
due to the leakage flux [4].
The mutual inductances of the armature windings are re-

lated directly to the main flux. As the armature windings are
displaced by 120° electric and as cos(120°) = —1/2, then:

1
Lypy=Lyy=Lg=Leyg=Ly =Ly = _ELaaC' (10)

Replacing (8) and (10) in the expression of the flux link-
ages of phase a for (1), then:

. 1 . .
¢a = (Laac + Laad)la - ELaac(lb + lC) + Laflf' (11)

As the armature currents are balanced, then:

i +ip+i, =0 (12)
iy +i, = —i,. (13)

Then replacing in (11), thus:

3 . .
D, = (ELMC + Lyag)iq+ Lyyiy (14)

By categorizing %Laac + L,,q as a synchronous induc-
tance (L), it is concluded that:

Qa =Lsia+Lafif' (15)

Doing the same for all other phases of the armature wind-
ing and setting:

@, cos(49u)2
B = | @y |, 05(0,) = | cos(®, — F) |,
@, cos(@u—%”)

i, sen(OU)2
Tupe = | s |, 500(0,) = | sen(8, — 3.
fe sen(@u—%’f)

Therefore, the flux stator and rotor can be rewritten as:

® e = Lylype + M i 1605(8,) (16)
= Lyiy+ My (Tpes 5560, ) (17)

Assuming that the stator winding resistance is R, then
the voltages at the stator terminals of the synchronous gen-
erator, are given by U, = [Ua vy, UC]T and they can
be obtained by summing the voltage drops in the resistor R
and the induced voltage. In this context, the induced volt-
ages can be calculated by Faraday’s law using (16), thus:

-

digpe
- Ls% + €, (18)

- 2 dc_ISabc i
Uabc =—R.i - y =

—Rglgpe

-

T
where €, = [ea e, ec] represents the back electro-
motive force (EMF). The vector €, is given by:

dli ;35(0,)]

5abc = Mf ar
—~ disf ~—
= M,i w,5en,) + Mf%cos(ﬂv). (19)

L . di
Considering a constant excitation current (Ltf =0) and
®, = Myi, as virtual air gap flux of the Synchronverter.
Thus:

€pe = P m,5en(0,). (20)
Similarly, as it occurred in (18), the voltages at the ter-

minals of the field winding are calculated as it follows:

Ao,
dr

where R is the resistance of the rotor windings.

2.1.2. Mechanical Model

The mechanical model of the virtual synchronous ma-
chine is associated with the swing equation of the conven-
tional synchronous machine, thus:

do, T
dt "
Where J is the moment of inertia of all the rotating parts

with the rotor, T,, is the mechanical torque, T, is the electro-
magnetic torque, and D, is the damping factor.

J -T,-D,w

e HpWu-

(22)
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2.2. Power Circuit

In the power circuit, there is the VSI, which consists of 6
(six) IGBTs (Insulated Gate Bipolar Transistor), being two
per each one of the three legs. The switches of a leg can-
not be triggered simultaneously. It also consists of a three-
phase LC filter, which is used to attenuate switching rip-
ple, where the resistance R, and the inductance L repre-
sent the impedance of the armature windings of the virtual
synchronous generator, and L, and R, are parameters of the
grid. The power circuit is represented in Fig. 3, according
to (18).

V. :
L L L Circuit'
Breaker

Figure 3: Power circuit of Synchronverter.

3. Lithium-Ion BESS Modeling

Lithium-Ion battery was used in this work due to high en-
ergy density and its massive use by RES. There are several
models to represent a lithium-ion battery. In [1], tests were
performed on a completely new 20Ah LiFePO, cell. The
intuition of the test was to obtain an analytical model based
on the interpolation of data obtained in the field that related
the hysteresis between state-of-charge (SoC) and open cir-
cuit voltage (V) of battery. Therefore, with the set of cells
obtained from this model, it is possible to analyze the non-
linear behavior of the voltage during the loading and unload-
ing of the battery bank. In this work the effect of hystere-
sis was disregarded, it was considered an intermediate curve
that the loading and unloading of the battery.

To integrate with the simulated environment, the battery
bank is represented as an equivalent circuit model, which
consists of an ideal voltage source (V},;), as shown in Fig. 4.
The estimation of the SoC of the battery bank was made ac-
cording to [9].

1 .
i L it >0,
n.p(k) otherwise
SoC(k +1) = SoC(k) — , (23)

where E,,, is the energy capacity, #n, and 7, are charging
and discharging efficiencies. These data are sampled with a
time step, Ak. It defines p(k) to be the power requested from
(p(k) positive) or sent to (p(k) negative) the storage unit at
the specific time.

N
Calculation Voltage and
R Current
Sensors
Eq. (23)
v SoC(k+1)

335
3.25
3.15 : ]
305 ff -
2.95

Open Circuit
Voltage (Voc)

0 02 04 06 08 1

State-of-Charge (SoC)

Figure 4: Real model of lithium-ion battery.

4. Operation Modes of Synchronverter

The block diagram of the Synchronverter control, as shown
in Fig. 5, can be implemented via software and was based on
the equations in Section II. Therefore, the VSI operates simi-
larly to the SG, so that variations in amplitude (E) and phase
(6,) of its terminal voltage adjust active and reactive power
delivered to the grid. Reference voltage (E7, ) is imposed
by VSI.

Control
DC-bus Voltage

ll{zc

%b(:p('('

Figure 5: Block diagram of the control of the Synchronverter.

4.1. Frequency Drooping and Regulation of Active
Power

The active power regulation mechanism in the Synchron-
verter has a cascade control structure where the internal loop
represents the frequency control (angular velocity) and the
external loop indicates the active power control. It is related
to the SG mechanical model, as it is seen in (22).

The frequency control action is defined by the position
of the switch .S,. When S, turns off, the frequency-droop
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mechanism is implemented in a Synchronverter by compar-
ing the virtual angular speed (w,) with the angular frequency
reference (w,) (is usually equal to the nominal angular fre-
quency of the grid (w,)) and adding this difference, multi-
plied with a gain (D,), generating a AT that will be added
the active torque 7,,. However, the damping factor (D)) ac-
tually behaves as the frequency droop coefficient, which is
defined as the radio of the required change of torque AT to
the change of angular speed (Aw). therefore:

D= AT
Aw
Thus, when Sp is turned on, AT is controlled to be 0 in

the steady state via the PI controller. Hence, T, is the same
as T,,, whichresults in P}, == P, [23].

sync

(24)

4.2. Voltage Drooping and Regulation of Reactive
Power

The idea of the Synchronverter voltage regulator is sim-
ilar to that used by the conventional SG. With .S, turned
on, the difference between the reference voltage (V) and the
Vabe,pee — Values in RMS — is the voltage amplitude tracking
error (AV'). This error is multiplied by the voltage-drooping
coefficient (D q) and then added to the tracking error between
the reference value (Q; ) and the measured reactive power
(Qgyne)- The resulting signal is then fed into an integrator
with a gain of 1/K to generate virtual flux (¢,,), calculating
EMF [22]. For Sq to turn off, ¢, will have a constant value in
the steady state regardless of the voltage difference between

V,and V, thus OF = = Ojype-

be,pcc? sync

4.3. Synthetic Inertia

The moment of inertia (J) in the Synchronverter is not
associated with the inertia, but with a control parameter. Then,
a configurable inertial time constant is introduced by adding
alow-pass filter to the measured active power (Py,,,.) signal,
according to Fig. 5; where J,, is the virtual inertia time con-
stant required, increasing the virtual inertia J,, indeed slows
the frequency response down [24].

4.4. Control the DC-bus voltage

The active reference power may be set by controlling the
DC-bus voltage, concept similar to dg control, where the
error between the measured voltage (V) and its reference
(Vd*c) is entered in the PI controller to generate the P;;nc.
Therefore, Sp is turned on.

5. Simulation Results

The system has been implemented in MATLAB Simulink,
the solver used in the simulations is ode23tb, where the es-
sential system parameters are described on the Table 1 (the
base values used were V, = 690V e S, = 500kVA).

The battery bank was dimensioned to compensate a450 kW

power during one hour. Therefore, it is composed by 20 sets
of 346 batteries in series (the sum of the voltages of the bat-
teries close to the nominal voltage of the DC-bus). The bat-
tery data was obtained in [8].

Table 1

Parameters Used in Simulation.

Parameter Value Parameter  Value

L, 0.0031pu R, 0.0094 pu

C 0.105 pu L, 0.0001 pu

R, 0.105pu £, 10kHz

V. V, 690V, fofu 50Hz

Z s 0.1 mQ D, 35N.m/(rad/s)
D, 0.5kvar/V K 10kvar/V
kyy, [ kiy, 100 /300 k,ar [/ kiar 0.1/1

J, 0.1/001 C, /V;  100mF/1150V
Bat. cathode LiFePO, Bat. anode Graphite

Epin 65 Wh Viain 33V

bat,max 300 A Rbm 05 Q

The simulation was started with P = 0and O} ==

. . sync sync
0, with the switches Sp turned on and Sq turned off. Dur-

ing 0.5 s the Synchronverter gets self-synchronized with the
grid. To test all the operation modes of Synchronverter in
controlling the BESS, mainly charge-discharge control through
the conventional grid-side control, the following scenarios
were simulated: active power controlled from DC-bus volt-
age; symmetrical faults; frequency support and regulation of
active power; and voltage support and regulation of reactive
power.

5.1. Scenario A — Active power controlled from
DC-bus voltage

In this scenario the behavior of the Synchronverter is an-
alyzed with Ps*ym controlled from the DC-bus voltage error,
similar to the conventional grid-side control. Variations of
active power in VSI-Ito 270kW at 2s, —130kW at 2.5 s and
70kW at 3.5 s were simulated. Fig. 6 shows that VSI-II fol-
lows the active power variations and maintains the DC-bus
voltage at its reference value. Thus, it is observed that the
Synchronverter is capable of acting similarly to conventional
control, with reference to the active power delivered/consumed
to the mains via DC bus voltage control.

The same power variations in VSI-I were simulated for
different virtual inertia J, and frequency responses of the
Synchronverter are shown in Fig. 6. The system responses
obtained different transient duration times, where increasing
J, indeed slows the frequency response down.

For the curves of LC filter currents it is observed that a
transition from generator to motor occurs right after 3.5s.
The opposite transition, from motor to generator, occurred
right after 2.5s.

5.2. Scenario B — Symmetrical faults

To implement the fault scenario symmetrical fault was
applied to the PCC in order to reproduce real grid voltage
sag 100% conditions with 100 ms duration, as specified in
the grid code requirements. This scenario aims to verify the
robustness of the Synchronverter against a symmetrical fault,
the reference of Ps*ync was kept via the DC-bus voltage con-
trol and with the voltage droop enable.
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Figure 6: Scenario A — Active power of Synchronverter con-
trolled via DC-bus voltage.

At t = 4.5s the fault was applied, as shown in Fig. 7.
The high current levels at the fault interval are related to the
input of reactive power to maintain voltage stability in the
PCC. Proving the effectiveness of the Synchronverter volt-
age control, preventing the grid from losing voltage stability.

This demonstrates the robustness of the Synchronverter,
being able to withstand high levels of voltage sag.

5.3. Scenario C — Frequency support and
Regulation of Active Power

At t = 5s the grid frequency was abruptly reduced to
49 Hz, that is 2% lower than the nominal one, at t = 65
the frequency has been reestablished to its nominal value.
The Synchronverter automatically detects the grid frequency
variation, then connects the battery bank in parallel to the
DC-bus. The frequency droop coefficient is chosen as D, =

p
35 so that the frequency drops 1% when the torque (power)

4.45 4.5 4.55 4.6 4.65

Time (s
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Figure 7: Scenario B — Voltage support at the time of sym-
metrical fault.

increases 35%. The droop mechanism is enabled automati-
cally along with the battery bank, when the grid frequency
increases the active power decreases, when the grid frequency
decreases the active power increases. This action is very im-
portant for maintaining grid frequency stability. Then, after
the droop mechanism was enabled at t = 5's, the synchron-
verter increased the active power output by 70 kW, that is
70% ot the rated power, corresponding to 2% drop ot the fre-
quency, as shown in Fig. 8.

After active power supplying from 5s to 6s battery bank
discharges, consequently reducing its voltage and SoC. After
establishing the frequency at its nominal value, it was nec-
essary to charge the batteries. At¢ = 6.62 s the active power
reference value was set to P;;nc = —400kW. Thus, it was
possible to charge the batteries increasing both voltage and
SoC.

Moreover, the inertia time constant can be reconfigured
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Figure 8: Scenario C - Frequency support and

charge/discharge of the battery bank.

to achieve the desired speed of frequency response. This
change of frequency response is possible via the control al-
gorithm.

As can be seen in Fig. 9, at t = 6.62s an abrupt vari-
ation in power was caused, so it is possible to observe the
behavior of active power and angular velocity (frequency)
with different virtual inertia.

The frequency response behaves as expected: increasing
the virtual inertia J, indeed slows the frequency response
down and with a slower variation in active power. On the
other hand, by decreasing the value of J,, the frequency re-
sponse will be faster, and consequently, the active power
variation too.

5.4. Scenario D — Voltage support and Regulation
of Reactive Power
In this scenario, the grid voltage initially is 690V, then,
voltage variations are simulated in the grid. In the interval
fromt = 13 stot = 14 s there is a voltage variation to 710 V,

w
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Figure 9: Scenario C — The frequency responses of the Syn-
chronverter with different virtual inertia.

and fromt = 15stot = 16s to 670V, according to Fig.10.
In this case, there is no variation in grid frequency.

Initially voltage droop is enabled providing voltage sup-
port to the grid at t = 13 s. The grid voltage increases while
the reactive power delivered by Synchronverter decreases
automatically, acting in the maintenance of voltage stability
of the grid.

Att = 145, the voltage is restored and voltage droop was
disabled. Therefore, voltage variations in the grid do not
affect the reactive power delivered by the Synchronverter.
For this specific scenario, there is no need to use the battery
bank since the reactive power does not affect the DC-bus
voltage.

6. Conclusions

This paper investigated the potential use of Synchron-
verter to control LiFePO, battery connected to DC-bus of
distributed generation. It has been illustrated that this ap-

proach may enable high integration of renewable energy sources

into the grid. Due to its autonomous operation, it is possi-
ble to attenuate grid disturbances. The simulation results
show that lithium-ion battery bank with Synchronverter is
able to provide grid voltage and frequency supports, just as
it is also possible to obtain greater control of active and re-
active power delivered to grid. Also, it is able to obtain
synthetic inertia, therewith the frequency responses of the
Synchronverter are different during the transient process be-
cause of the different virtual inertia. This mitigate the trend
of decreasing inertia due to the penetration of renewable en-
ergy sources into the grid. Finally, it was observed there is
no need to use a DC/DC converter to control battery charge-
discharge propitiating to reduce system complexity and cost.
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Figure 10: Scenario D — Voltage support and regulation of
reactive power.
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