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Abstract

A grid-forming inverter in an inverter-dominated grid should operate as a dispatchable
voltage source, which is difficult to achieve when the inverter is interfaced with nonlin-
ear dc sources such as photovoltaic (PV) arrays. This paper presents a new grid-forming
controller which considers the PV source dynamics and limitations and maintains dc-link
stability under transient and ovetload conditions. A single-loop voltage controller with-
out ac cutrrent feedback is used, and the synchronization is achieved using dc voltage-
frequency droop. Additional dc current-virtual impedance feedforward compensation is
included to improve the ac output passivity. The controller limits the operation of the
PV source inverter in the linear portion of its characteristic by regulating its modulation
index, thus preventing dc voltage collapse. The proposed controller is implemented and
tested on a controller-in-the-loop simulation platform. The simulation results show that
the controller shares power in proportion to the dc source capacities of parallel inverters,
effectively limits the output current during faults, and limits dc-link voltage drop when the

1 | INTRODUCTION

With movement from centralized generation and synchronous
generators to distributed generation and renewable sources,
inverters have transitioned from providing load support and
ancillary services to now replacing synchronous generators as
autonomous sources. These types of source inverters are com-
monly referred to as grid-forming inverters [1]. A grid-forming
inverter can be used as the primary source in an isolated grid
with multiple grid-following inverters or in parallel with other
grid-forming inverters [2]. Clearly, having multiple grid-forming
inverters in parallel eliminates the single point of failure and cre-
ates a more robust grid.

Nonetheless, disparate dc sources may be connected to these
inverters, like energy storage and photovoltaic (PV) arrays
[3]. The battery output voltage is determined by its state of
charge whereas the PV output voltage is determined by its
power point. In PV source control, Maximum Power Point
Tracking (MPPT) control can ecither be applied to the duty
cycle for open-loop control or the PV voltage for closed-
loop control [4]. This makes the PV array a nonlinear cur-

inverter is overloaded. The controller is also validated on a hardware testbed.

rent source which can operate in constant current mode below
the MPP voltage, constant power mode around the MPP volt-
age, and constant voltage mode above the MPP voltage [5].
The current vs. voltage and power vs. voltage characteristics
for a PV array with 1000 W /#? irradiation are shown in
Figure 1.

The assumption of an infinite dc source upstream of a grid-
tied inverter leads to the disregard of the behavior and dynamics
of the dc source, dc-link capacitor, and dc/dc converter control.
When there is a sudden change in load, the response of the dc
source system will be determined by these three components
[6]. A constant dc voltage regardless of loading conditions can
only be maintained by a large energy storage (in the form of a
capacitor or additional battery) on the dc-side [7] or ac-side [§],
which adds to the cost and size of the system. PV generators
with battery storage support and virtual synchronous genera-
tor (VSG) control are often used in islanded/isolated grids in
both grid-following and grid-forming modes [9, 10]. In [11], to
avoid the use of additional energy storage with a PV inverter,
the PV source is operated below MPP to reserve power for fre-
quency response. This grid-supporting PV inverter with VSG
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FIGURE 1 PV characteristics at 1000 W/m? for a 38 kVA PV generator

control produces a lower dc voltage ripple when tracking fre-
quency changes.

Although using a grid-forming battery system with a grid-
feeding PV array is economical for islanded grids, the cost and
size of this combination may hinder adoption by individual res-
idential customers. In some cases, the PV and battery systems
may have separate owners with individual grid-forming con-
trollers that need to operate in parallel. In these cases, the ability
to operate the PV source as an isolated dispatchable source will
reduce costs and barriers to integration of PV sources for even
the smallest consumers.

Therefore, the most efficient way to operate a PV source
(at or near its maximum power point) is not always feasible.
Although operating the inverter in voltage-fed mode may limit
the dc voltage to values higher than the MPP voltage, restricting
the voltage to this constant voltage region will avoid any unsta-
ble situations [12]. On the other hand, if the voltage is below
the MPP and the PV source operates in the constant current
region, the duty cycle will be decreased to maintain the output
current. This lower duty cycle will further lower the output volt-
age to provide more current to the load, effectively reducing the
PV power output. Therefore, the power characteristic below the
MPP voltage is unstable and can cause the dc bus voltage to ulti-
mately collapse [13].

This can happen even if the available PV power is higher than
the load demand, and preventing this voltage collapse is the pri-
mary objective in designing a proper dc/ac inverter controller
for a PV source with MPPT control. Ignoring the limitations of
a practical dc soutce can result in a mismatch between input and
output power, which will cause the dc voltage to drop and affect
the performance of the inverter [14]. According to [15], the dc-
link voltage should not drop below 24, /1.1 if the inverter out-
put is to be maintained at the voltage level »,, , with 1.1 being
the maximum allowable modulation index.

As explained in [10], any inverter that interfaces a PV source
with the grid should be able to protect the dc-link voltage from
large load transients. This is not a concern in grid-following

the maximum power point in the constant voltage region can
protect the dc-link against ac-side transients. While exceeding
the capability of the PV source will cause a voltage collapse,
underloading the PV source will simply cause the PV source
output to be reduced below its MPP [16]. This will not only
prevent a voltage collapse in the PV array but also maintain suf-
ficient dc-link voltage for PWM modulation. With this consid-
eration, a single-loop grid-forming controller is developed that
is capable of robust parallel operation and overcurrent protec-
tion while maintaining a stable dc-link voltage. This type of con-
trol improves the ride-through capability of the grid-forming
sources during overload and fault conditions, thus enhancing
the resiliency of the isolated grid.

The remainder of the paper is divided into four sections. Sec-
tion 2 describes the proposed grid-forming controller and ana-
lyzes its stability based on the closed-loop inverter input and
output impedances. Section 3 presents the simulation results
for three test cases using the proposed controller in an inverter-
based grid. Section 4 details the experimental setup used to val-
idate the controller and presents the experimental results. The
paper is concluded in Section 5.

2 | GRID-FORMING CONTROL DESIGN

This section will describe the control design of a grid-forming
controller for an MPPT-controlled PV source. An effective
grid-forming inverter controller should:

* sufficiently decouple dc and ac dynamics

* be impervious to changing grid conditions in terms of syn-
chronization and power sharing with other inverters

* protect the inverter during transient events without losing
stability

* have stable ac output while maintaining dc-link stability

* have minimum interaction with other inverter controllers and
thereby, have minimum impact on their stability

The PV source is connected to the load through a two-stage
inverter system comprised of a dc-dc boost converter and a
dc/ac power inverter as presented in Figure 2. The circuit model
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of the grid-forming inverter interfaced with an L-filter is shown
in Figure 3 with the proposed controller shown in Figure 4.
The boost converter is controlled using a perturb-and-observe
MPPT algorithm, and the power inverter is controlled using
the grid-forming method described below. Although a two-stage
inverter has lower efficiency, it improves MPPT efficiency and
expands the operation range compared to a single stage inverter.
Also, the dc-dc converter prevents ac power ripple from harm-
ing the dc source [18].

2.1 | ACvoltage control

Researchers have found certain drawbacks to using inner cur-
rent control loops in power electronics-based machine emu-
lators which can pertain to grid-connected inverters as well.
According to [20], the inner current control loop can:

* actas a low pass filter that distorts the voltage output during
load transients

* reduce the emulation accuracy when the electrical machine
frequency is close to or higher than the current loop band-
width
decrease the phase margin and in turn, the stability of the
system during transient conditions

The comparative analysis of single and nested loop controllers
in [21] also displays how the use of inner (current) control loops
leads to negative resistance behavior in the input impedance and
non-passive regions in the output impedance of grid-forming
inverters. Therefore, a single-loop voltage controller can pro-
vide enhanced dc and ac stability by evading these issues and
minimizing the negative resistance behavior on the dc side. The
analysis in [21] was used as the basis for designing the proposed
single-loop grid-forming controller.

In the proposed controller, the PWM signal is derived from
a single proportional integral (PI) control loop with d-axis and
g-axis voltage measurements (7, 2,) as feedback and d-q refer-

ences (Uj—, ) set to 1 p.u. and can be described using

”{/—ref
these equations:

t
Va—pyat = RpWi—rey — va) + & / Ca—rey — va)dt, (1)
0

t
Vg—PWM = ])(” —ref T ”z/) + ’é// (1/ —ref T ﬁq)df, (2)
0

where £, and £; are the proportional and integral gains, respec-
tively. These gains were tuned by analyzing the output response
of the simulated system.

2.2 | DC current feedforward for improving

passivity

While this single-loop control does not provide implicit current
limiting, it has higher control bandwidth than a dual-loop con-
troller and prevents negative resistance behavior in the input
and output impedance, which will be revealed by the stability
analysis later in this section. Nevertheless, the passivity of the
inverter system (which is affected by resonances caused by the
output impedance) can be further improved by adding a dc cur-
rent feedforward (z;,) with virtual impedance 7 to the voltage
control reference such that the new reference vm / (for respective

axis) becomes:

/
v

ref = Vpef + Zl/z.[/[' (3)

Here, a resistive-capacitive (R-C) virtual impedance is used
in the dc current feedforward loop since it provides mini-
mum voltage distortion and improved harmonic current shar-
ing among parallel inverters. Furthermore, using dc current
feedforward avoids the positive feedback effect that can arise
from using ac current which is affected by variations in grid
impedance [22]. The R-C virtual impedance is designed using
the method provided in [23].

2.3 | DC voltage- AC frequency droop

DC-link voltage is as important to dc-side dynamics as fre-
quency stability is to the ac-side dynamics. Hence, it is
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reasonable to link them through the control action. Similar to
matching control [24], this synchronization loop uses dc-link
voltage (v,) to derive the frequency and phase angle of the
PWM output as follows:

@ =" —mp(v, = vz), )

where 7 is the droop coefficient, w™ is the frequency reference,
and »; is the dc voltage reference. For a limited dc source, the
dc-link voltage is not impervious to changes in loading condi-
tions and can be used as a measure of power balance by detect-
ing the variation from the nominal value. In this way, any large
drop in dc-link voltage will affect the output frequency instead
of being disregarded. Unlike other grid-forming controllers, this
type of controller includes the impact of de-side disturbances on
the output modulation rather than compensating for them until
the dc-link voltage collapses.

2.4 | Regulating modulation index for
overcurrent limitation

The analysis in [25] shows that unbalanced grid faults can cre-
ate dc-link voltage oscillations and degrade the ride-through
ability and grid support voltage functions. The controller in
[25] is used to reject the de-link oscillations and provide max-
imum fault current to support the grid voltage rather than to
reduce the de-link oscillations. However, the design objective
of the proposed controller is not to ignore the dc-link oscil-
lations and provide maximum fault current but rather to sta-
bilize the dc-link and limit the output current within a safe
range.

As mentioned earlier, battery storage systems are commonly
used with PV arrays to maintain a stable dc-link voltage in grid-
forming operation. If the de-link is not maintained by additional
storage, its voltage then depends on the PV output and can be
severely affected by transient events. In the absence of an inner
current control loop, the inductor cutrent (7,) can be used to
adjust the modulation index in case of transient events. In the
current limitation block, when the ac curtent passes a set thresh-
old, the duty cycle is reduced in proportion to the increase in

current:
P if Z.a[ < ]//'wz't
”;JWM = Limie . . > ©)
— )eams A 2 > Ly
ac
where vppy is the original PWM reference, y}{ -y 18 the modi-

fied PWM reference, and 7, is the ac current feedback. Here,
the 7, is not the inverter overcurrent limit but is the current
corresponding to 1,;, point on the MPP curve in Figure 1.
The adjustment of the modulation index is saturated between
the index limits set to ensute the output voltage does not drop
below a certain value for ride-through purposes while maintain-
ing sufficient overload capability. This enables the controller to
not only limit the output current but to also stabilize the dc-
link.

Vin

io
0

FIGURE 5 Transfer function representation of input and output
dynamics for grid-forming inverter
TABLE 1  Grid-forming converter and controller parameters
Nominal voltage 480V
Nominal load 5 kW, 2.5 kVar
Nominal frequency 60 Hz
PV rated power 24 kVA
BESS rated power 10 kVA
L-filter: 1, R, 0.1 mH,10 mQ
Dec-link capacitor 6.7 mF
Droop curve gain: 7, 0.01
Sampling period: 7; 100 us
Switching frequency: f,, 10 kHz
PI controller gains: £, #; 0.3,8
Filter frequency: @, 1500 Hz
Virtual impedance: R, C, 1.25Q,0.1 mF

2.5 | Impedance analysis of converter
controller

Impedance analysis of the inverter control system provides use-
ful insights into the impact of the controller design on the dc
and ac dynamics of the system [20]. The grid-forming inverter
is modeled as a voltage-source voltage-output inverter as rep-
resented in Figure 5. Following the methodology in [27], this
representation is used to detive the open-loop and closed-
loop input admittance and output impedance functions with
_odenoting open-loop, _¢ denoting closed-loop without virtual
impedance feedforward, and _¢» denoting closed-loop with vir-
tual impedance feedforward. The system and controller param-
eters used for the analysis are provided in Table 1.
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Z,, = _fae ©)
= I+ G[{]GP] [-[(Jm‘ ’
le'ﬂJ = Y;iLO - G‘ci (GP] G‘/v + G/d )Gﬂ’ ]_[in’ (7)

7 _ Zafa + GmGP[ ZL']_]l'ﬂ 7;i
= I+ Gm GP] ]_](ml ’

Y. _ Yz'nfo - Gﬂ' (GPI G/l/ + G/d )Gd [_]z'ﬂ (9)
= I+ G,GpZ,Hj, '

In these equations: Z, is the output (ac) impedance, Y, is
the input (dc) admittance, /;, and /,,, are the input and out-
put control delay respectively, G}, is the input to output (dc
to ac) voltage loop gain, 7,; output to input (ac to dc) cur-
rent loop gain, G,; and G, are the inner and outer control loop
gain respectively, Gy is the PI control gain for the voltage con-
trol loop, G}, and G, are the phase angle to voltage and phase
angle to duty cycle gain respectively, and Gy = G, 7, G; is
the droop control loop gain with G, being the low-pass filter
gain, 7z, being the droop coefficient and G; is the integral gain.

The impedance equations along with the parameters are
coded into MATLAB to produce the input and output
impedance plots. The open-loop impedance values are calcu-
lated from the state space equations of the equivalent circuit of
the grid-forming inverter:

Vip Zz’n 7;;' Gﬂ'
= Ao, 1. 10)
2 G, Y, G,
d

Figure 6 shows that the closed-loop input admittance of the
inverter is not affected by the voltage control or the synchro-
nization loop and behaves as a passive capacitance, similar to the

Magnitude (dB)

Phase (deg)

Magnitude (B)

Phase (deg)

Frequency (Hz)

FIGURE 7 Bode plot of inverter output (ac) impedance

open-loop admittance. The addition of the virtual impedance
feedforward has an overall inductive effect but the dc-link is
designed to be passive and stable. The dip around 90 Hz in these
plots is a result of the control delay.

Figure 7 shows the effect of the voltage control, synchroniza-
tion control, and virtual impedance feedforward control on the
closed-loop output impedance of the grid-forming inverter. As
expected, the d-axis and g-axis closed-loop output impedances
are larger with higher coupling magnitudes between the axes.
However, the single control loop without virtual impedance
renders the d-axis impedance non-passive at lower frequen-
cies, while the g-axis impedance remains passive throughout.
Therefore, the virtual impedance feedforward is added along
the d-axis to improve passivity. The controller with virtual
impedance feedforward makes the output impedance passive
everywhere except for the resonance point (caused by con-
trol delays) around 90 Hz. The bandwidth of this controller
would increase to be around 900 Hz with the addition of an
inner control loop. The feedforward control also reduces the
cross-coupling magnitude in ;. Hence, the g-axis impedance
is passive both with and without virtual impedance, but the
d-axis impedance becomes more passive at lower frequencies
with the inclusion of virtual impedance. This improvement in
passivity ensures that the controller is less sensitive to external
disturbances.

3 | SIMULATION RESULTS WITH
PROPOSED GRID-FORMING
CONTROLLER

The simulation is performed on an Opal-RT platform with
a controller in the loop (CIL). The grid-forming controller is
implemented in a NI cRIO 9039, and the rest of the system is
simulated in a Simulink model. Figure 8 shows the single-line
representation of the Simulink model deployed on the Opal-RT
platform. The proposed controller is deployed in both the PV
and BESS source inverters, which are connected to the the two
loads through L-filters. The grid impedance has an X /R ratio of
1. The PV system has a constant irradiance of 1000 W/#? and
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temperature of 400C. The PV array uses a single diode model
with a temperature- and light-dependent current source, diode,
and series and shunt resistances. The energy storage system uses
a generic battery model and has a default state-of-charge (SoC)
of 60%.

The BESS unit is also a two-stage inverter system with aver-
age models used to simulate the converters. While both PV
and BESS sources have the same grid-forming inverter con-
trol, the BESS uses closed-loop dc voltage control at the dc
boost converter stage while the PV source uses MPPT. The
Z1IP load is modeled using three single-phase current sources
and has adjustable ZIP coefficients and active-reactive power
setpoints. The ZIP loads are comprised of 30% Z-load (con-
stant impedance), 30% I-load (constant current), and 40% P-
load (constant power). The system and control parameters are
the same as those used for the impedance analysis in Table 1.
Three test cases are used to assess the performance of the grid-
forming controller.

In Figure 8, the PV array, de-dc converter, and dc-ac con-
verter are combined in the PV grid-forming inverter block, as
shown in Figure 9. For the following results, PV array voltage
is measured at the output of the PV array, the dc-link voltages
are measured at the dc link between the two converters, and the
ac voltages and currents are measured at the output of the dc-
ac converter.

3.1 | Parallel operation

The two inverters in Figure 8 are operated in parallel to test their
synchronization stability as well as their power sharing capabil-
ities. Before the circuit breaker closes to connect the PV and

BESS sections at 2 s, the two ZIP loads operate separately with a
nominal load of 5 kW and 2.5 kVar. Without changing the loads,
when the two sections are connected at 2 s, the inverter ac volt-
ages in Figure 10a are unaffected but the PV picks up more load
from the BESS section, as shown from the ac current results in
Figure 10b.

This can be explained by the dc voltage results in Figure 10c.
When the PV is only supporting ZIP load 1, the dc-link volt-
age is modulated to slightly above 1 p.u. which shows that the
PV inverter capacity is underutilized. As the two sources try
to synchronize their output frequencies using the dc voltage-
frequency droop control, their de-link voltages settle at the same
level. Unlike the BESS dc voltage which is not affected by shed-
ding a portion of its load, the PV dc voltage drops closer to
the BESS dc voltage when it picks up more load. Even though
the PV source is still operating in the constant voltage region, it
moves slightly closer to the MPP to pick up the additional load
and balance its dc voltage with that of the BESS. The amount
of additional load that can be picked up by the PV is deter-
mined by the PV source capacity as well as the line impedance.
In this way, the two inverters are able to share power in pro-
portion to their soutce capacities rather than sharing the loads
equally.

Although in grid-forming controllers, the active and reactive
power outputs are not directly controlled (unlike grid-following
controllers), the voltage and frequency control laws can affect
how power is shared between parallel inverters. For constant
voltage sources, the de-link voltage is directly related to the avail-
able output capacity of the source and hence, by linking the
dc-link voltage to frequency synchronization, the output is con-
trolled not by how much power is demanded by loads but rather
by how much power is available at the source.

3.2 | Balanced three-phase fault

A balanced three-phase fault is simulated in a single-inverter
system, depicted in Figure 11 to test the current limiting capa-
bility of the proposed controller in the PV inverter. The fault
occurs at 1 s and is cleared at 1.2 s. Without any current lim-
iting in Figure 12, the ac voltage drops to 0.75 p.u. and the dc
voltage drops to 0.7 p.u. The ac current transient reaches 2.5
p.u. before settling around 2 p.u. (when PV inverter is over-
loaded). The PV source output voltage also suffers a 20% drop
and moves into the constant current region of MPPT operation,
which can make grid-forming operation unstable if the fault
persists (assuming the inverter overcurrent protection is not
triggered).

On the other hand, in Figure 13, the grid-forming controller
with current limiting is able to limit the current below 2 p.u.
without overloading the PV source. Although the ac output
voltage drops to 0.5 p.u., the drop is not sufficient to trigger
low-voltage ride-through protection in the inverter. The drop in
dc-link and PV source output voltage are less than 10%, which
means that the PV soutce remains around the (stable) maximum
power point. However, for a lower fault impedance, the current
limiting would not be able to limit the current to the same value
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FIGURE 10 Voltage and current waveforms for parallel operation of PV
and BESS inverters
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FIGURE 11  Simulink model of PV grid-forming inverter with 3-phase
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FIGURE 13  Results for inverter control with current limiting during a
three-phase fault

85U8017 SUOWILOD BAITea1D 3[edldde ayy Aq peusenob ae ssppiie YO ‘8sh JO Sa|n 10} Ariqi]8UIIUO AB|IAN UO (SUONIPUOD-PU-SLLBY/LID"AB | 1M ARIq 1 BU1[UO//:SdNL) SUORIPUOD PUe SWIB | 8L} 88S *[£202/70/90] U0 Afeiq18ulluO A8]IM ‘B|1Ax0u ‘Sessauue | JO AiseAn Aq v5t2T 26d/6v0T 0T/10p/L0o A3 1M Aeiq Ul UO"Yo Ieasae /Sty oy pepeojumod ‘0 ‘vZyTZSLT



RAY AND TOLBERT

Z!inel

ZIP load 1

AR

PV

FIGURE 14 Simulink model of PV grid-forming inverter with changing
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FIGURE 15  Results for step increase in load with proposed controller

without further decreasing the ac voltage. Nevertheless, limit-
ing the current during faults protects both the inverter and the
PV soutrce.

3.3 | Stepload change

This scenario is also simulated in a single-inverter system as pre-
sented in Fig 14. In this test case, ZIP load 1 active power set-
point is increased at every second in steps of 0.3 p.u. starting
from the nominal load of 0.6 p.u. (5 kW) as shown in Figure 15.
The proposed controller is able to accommodate an additional
0.3 p.u. of load without any effect on the ac voltage but with
an 8% drop in the dc-link voltage. However, with an additional
0.6 p.u. of load, the PV source becomes overloaded. At this
point, the dc-link voltage drops another 8%, which is below the
required dc voltage level to maintain PWM modulation. There-
fore, the ac voltage drops to 0.9 p.u. When the current is reduced
below 1 p.u., the ac voltage level returns to 1 p.u. The drop in
dc-link voltage is proportional to the difference in ac power out-
put and available dc power. This demonstrates the limited extent
to which the PV source can be exploited to have ideal voltage
source characteristics.

TABLE 2  Experimental setup parameters

Nominal ac voltage: 17, 40 V (peak)
Nominal ac current: 7, 27.44 A
Nominal dc voltage: 17, 1000 V

L-filter inductor, resistor: Lf, ry 0.575 mH, 0.2 Q
Controller gains: £, £; 0.105, 35

3.4 | Discussion

When closed-loop dc voltage control is used for the de-de boost
converter of a voltage source like BESS, the dc-link voltage is
dependent solely on the battery state of charge. Whereas, when
a nonlinear current source like PV is controlled using MPPT,
the PV array output voltage as well as the dc-link voltage are
dependent on the loading conditions and can vary significantly.
Outside the constant voltage region, ac voltage regulation is not
only affected by the de-link voltage dropping below 2, /1.1
but also by the increase in load as:

Py
Ay, = _Ai s (11)

ac

where Pp- is the PV source output and 7, is the ac current.
When the PV voltage drops below the MPP voltage, the PV
output power starts decreasing. This means that the amount of
ac voltage drop relative to increase in ac current also reduces
with the highest drop occurring at MPP. Therefore, if the PV
voltage (and in turn the dc-link voltage) is restricted to the MPP
level, the drop in ac voltage will be higher than when the dc volt-
age is slightly lower than the MPP voltage. This trade-off can be
addressed by using the modulation index modifier to not only
provide overcurrent protection but to also limit the dc voltage
to some point below the MPP (in the constant current region)
so as to maintain stable ac and dc voltage regulation during over-
load conditions.

4 | EXPERIMENTAL VALIDATION

The controller is also tested in a two-converter system on the
CURENT hardware testbed [28] in a scaled-down version of
the simulation system. One converter is controlled as the source
inverter with PV emulation while the other converter is con-
trolled as a ZIP load. The two converters are connected to a
common dc supply and have identical L-filters on the ac side, as
shown in Figure 16. The system and controller parameters are
presented in Table 2. The PWM generation method is depicted
in Figure 16b.

The proposed grid-forming controller is implemented in
the source inverter and subjected to a step load change from
0.6 p.u. to 0.8 p.u. The dc voltage as well as the ac voltages and
currents during the load change are captured using an oscil-
loscope and presented in Figure 17a, and Figure 17b presents
the results for the same case of load change in the simulation
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FIGURE 16 Experimental setup for testing grid-forming controllers

system used earlier. Both the experimental and simulation
results show that during the load change, both the dc and ac
voltages remain stable and unaffected as the current output
increases.

Hence, the inverter does not experience any significant drop
in the dc or ac voltage for a small change in load. However, a
larger step change will cause a significant drop in the dc volt-
age for all load levels higher than 0.2 p.u. The ac voltage will
remain unaffected until 2 p.u. which is when the PV source
moves past its MPP. Any increase in load past this point will
cause a drop in ac voltage that is proportional to the drop in dc
voltage.

5 | CONCLUSION

This paper shows how a PV source can be utilized as a truly dis-
patchable voltage source by limiting its operation in the constant
voltage region and not following the maximum power point

AC Voltage (p.u.)

AC Current (p.u.)

DC Voltage (p.u.)

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2
Time (seconds)

(a) Simulation results

A
mewﬂ WWWMM

Time (seconds)

(b) Experimental results

FIGURE 17  Results for step change in load using the proposed
grid-forming controller in simulation and hardware platforms

curve until collapse. The proposed grid-forming controller is
designed to maintain the PV output voltage close to the con-
stant voltage region and prevent a dc-link voltage collapse, using
a single-loop voltage control with overcurrent limiting, DC-
voltage-frequency droop is used for frequency regulation, and
the current is limited by adjusting the modulation index. The
modulation index modifier used to limit overcurrent allows the
PV inverter to have sufficient overload capability while restrict-
ing the PV voltage to a higher value in the constant current
region. The simulation and experimental results show that the
proposed controller is able to:

1. Synchronize parallel inverters with proportional load sharing

2. Limit overcurrent during transient events without sacrificing
dc-link stability

3. Maintain dc-link stability when the source inverter is over-

loaded
4. Achieve passivity in input and output dynamics

Hence, by considering the limitations of the dc-link and the dc
source behind the inverter, the proposed controller proves to
be more suitable to connect a PV source with a dispatchable
grid-forming inverter without additional storage at the dc-link.
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