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Abstract—Legacy power systems once dominated by con-
ventional synchronous machines are transitioning into systems
driven by fast-acting power-electronic converters that integrate
renewable resources. The majority of integrated renewables such
as PV and wind bring down system inertia and can cause
stability issues due to their volatile nature. The state-of-the-
art grid-forming (GFM) control is proven to enhance system
inertia and stability in low-inertia systems. However, most of
the existing GFM inverters are applied for battery systems,
which are much more expensive than PV. Motivated by this,
in this paper we propose a holistic grid-forming (GFM) control
strategy for PV systems without the need of energy storage. The
proposed strategy is developed on the secondary level of the
grid-forming control that enables the PV inverter to operate
smoothly among islanded, synchronization, GFM, and limited
grid-forming (LGF) modes. The practical criteria for determining
the operation modes are established and implemented based on
the grid operation scenarios. The proposed design is successfully
validated by case studies with a laboratory prototype using
Siemens Software Defined Inverters.

Index Terms—grid-forming, mode transition, PV system

I. INTRODUCTION

As the penetration of inverter-based resources (IBRs) con-
tinues to grow nowadays, the power system once dominated
by synchronous generators is transitioning into a system
dominated by IBRs [1]. The IBRs are integrated through power
electronic converters. Compared to conventional synchronous
machines, these power electronic devices are naturally fast-
acting, but are also strictly limited by rated current. As a result,
the system stability can be at risk due to lack of inertia [2].
To further enhance the system stability and resiliency, various
research are conducted including but not limited to inverter
modeling and control [3], active damping [4], dynamic security
optimization [5], etc.

Conventionally, the inverters are regulated by grid-following
(GFL) control, which means the inverter will provide the
desired power or current to the grid by synchronizing with
the grid frequency through the phase-locked loop (PLL) [6].
Some GFL inverters, e.g. most of the commercial PV and
battery systems, although can provide limited voltage and
frequency regulation to the grid, do not establish voltage
and frequency similar to a synchronous machine. This may
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lead to a complete system blackout, e.g. the island of Kaua’i
went into a system-wide blackout 9 minutes after a trip of a
synchronous generator and was mostly sustained by GFL IBRs
[7]. Recent studies have pointed out a promising solution to
enable 100% IBR penetration in bulk power systems utilizing
grid-forming (GFM) technology [1], [8]. Unlike GFL inverters,
GFM inverters can participate in frequency and voltage regula-
tion by emulating the fundamental behavior of a synchronous
machine. Further, GFM control supports a seamless transition
from grid-connected mode to the standalone mode and vice
versa [1].

Till today, commercial GFM solutions are mostly based on
battery storage systems, and hence the majority of academic
studies focus on GFM battery inverters. Very limited attention
has been given to GFM PV inverters, mainly due to the
volatile nature of solar power, which can be challenging to
tame for GFM applications. Despite the intermittent character-
istics, PV systems are considerably much cheaper than battery
systems, and therefore are abundant and widely distributed in
the system. In this way, the GFM PV inverter will provide
cheaper and more inertia support to the system, instead of
solely relying on the battery storage system. Currently, there
is an open space in PV GFM control. The main challenge
is that such designs require complex and accurate real-time
maximum power point (MPP) estimation, as well as a lack of
hardware prototyping to address the DC side dynamics from
PV systems. [9]. To the best knowledge of the authors, the
only existing commercial GFM PV inverter till the date of
this paper is Enphase 1Q8 series microinverters [10], which can
support solar only mode without any backup in grid interactive
operation. In this work, a holistic and mode-free GFM strategy
with the mode transition capability is developed for both
single- and two-stage PV inverters without energy storage.
The secondary level of the GFM control could be flexibly
adjusted, and the PV inverter operation modes could be
smoothly varied among islanded, synchronization, GFM and,
limited grid-forming (LGF) modes per system requirements.
Further, unlike adopted in [9], where the system frequency is
utilized as the criteria for mode transition, a more practical and
noise-resistant criteria is established and applied. The holistic
solution is demonstrated in simulation and hardware prototype
based on Siemens Tapas Software Defined Inverters [11].

The rest of this work is organized as follows. The proposed
GFM control strategy with mode transition capability for the
PV systems without energy storage is discussed in Section II.
In Section III, the simulation analyses are conducted with an
emphasis on verifying the mode transition between GFM and
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Fig. 1: System configuration and overall control diagram: (a) inverter con-
figuration for the grid-connected operation. (b) secondary level control. (c)
primary level control. (d) device-level control.

LGF mode. The hardware experiments with a down-scaled
laboratory prototype are implemented in Section IV. Section
V concludes the work and discusses future research.

II. PROPOSED GRID-FORMING CONTROL FOR PV
INVERTERS

A. Overall Control

We start by using the single-stage PV system to illustrate
the mechanism of the proposed GFM control strategy. The
system configuration and control diagram for a grid-connected
single-stage PV system is shown in Fig. 1. In Fig. 1 (a), the PV
array is directly connected to the inverter, and the inverter is
connected to the grid when the breaker is closed. The control
diagrams of the inverter at secondary and primary levels are
shown in Figs. 1 (b) and (c), respectively. The secondary
control adds two compensatory items to the primary level
depending on the operation modes [12], and the primary level
generates the voltage and frequency references for the device
level control. The device level control is shown in Fig. 1 (d),
which is to regulate the inverter output voltage and generates
the modulation signals.

B. Secondary Level Inverter Control

The secondary control can be adjusted based on the specific
application and requirements. Four types of operation modes

are considered in the work, which are islanded mode, synchro-
nization mode, GFM mode, and LGF mode.

When the inverter is operated in the Islanded mode, the
compensatory items dw and dV are set to zero. When the
inverter is operated in the Synchronization mode, the compen-
satory item dw is updated by

K;
dw = (KpN + TN)(’UOdUpccd - quvpccd)v (1)

where v,4 and v, are the inverter output voltage in the d— and
g— axis, respectively; vUpceqd and vpecq are the point of common
coupling (PCC) voltage in the d— and g— axis, respectively;
K,N and K,y are the PI gains.

Further, to avoid a large overshoot when the breaker closes,
the voltage set point can be set as

Vo = \/V2eea + Viceqs 2

in all other cases, Vj is set as V,,, which is the nominal value.

After the breaker is closed, the inverter will operate in the
GFM mode for power regulation. This means the inverter
will produce the required power requested from the system
operators, thus, dw becomes

K; N
£ )(Pznv - Pinv)’ (3)

dw = (Kpp+ S

where P, and P} are the inverter power measurement and
reference, respectively; K,p and K;p are the PI gains.

If the PV system cannot produce the demand power required
by the grid, the PV terminal voltage will decrease. After it
reaches a threshold voltage Vi, the PV inverter will start
tracking the PV maximum power point (MPP) and operate
in the LGF mode. In this mode, the PV systems still have the
GFM capability but cannot produce the required power; thus
it is called LGF (limited grid-forming) mode, and dw becomes

dw = (KpD +

K; .
) (Ve = ), @

where v, is the DC terminal voltage; v}, is the DC terminal
voltage reference that is generated by the maximum power
point tracking (MPPT) algorithm; K,p and K;p are the PI
gains. In this mode, we use the standard perturb and observe
algorithm for MPPT [13].

C. Primary and Device Level Inverter Control

The droop control is implemented at the primary level
inverter control to establish the inverter frequency and voltage.
The droop control follows

Winy = Wo — mp(Pim — PQ) + dw
V;nv - VO - nq(Qinv - QO) +dV ’

where m,, and n, are the frequency and voltage droop gains,
respectively; wy is the frequency setpoint; Py and Qg is the
active and reactive power setpoints.

When the inverter voltage is aligned to the d— axis, the
inverter output voltage references are given by

vyy = 0. (6)

®)

*
Vod = Vti’rw,
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Fig. 3: Flow chart for mode transition (Mode 1, 2, 3, 4 are islanded,
synchronization, GFM, LGF mode, respectively).

In addition, the PI controllers are used at the device level
for regulating the output voltage, following
. Kiv,, .
vig = (Kpv + —) ()4 — Vod)

* Vv *
Vig = (K v+ T)(qu - UO(I)

, (7

q

where v}, and vj, are the inverter terminal voltage references
in the d— and g— axis, respectively.

Notes that the inner current loop is not implemented here
considering the additional computational complexity intro-
duced by the current loop. Further, considering the anti-windup
strategy can stop integrating the error after the input saturates,
it is implemented in all PI controllers for better dynamic
responses, especially for the start-up and mode transition, and
the corresponding diagram is shown in Fig. 2 [14].

D. Mode Transition Strategy

A mode transition strategy for the PV inverter is proposed in
this work based on the secondary control. The corresponding
flow chart and operating characteristics are illustrated in Figs.
3 and 4, and the key steps for mode switching are described
as follows.

1) Mode transition from islanded mode to synchronization
mode: In islanded mode, the PV inverter is expected to support
black start functions. When PV system is required to be
operated in the grid-connected mode, the inverter needs to
be operated in the synchronization mode to synchronize with
the external grid first. The secondary control will be adjusted
by following Equations (1) and (2).

2) Mode transition from synchronization mode to GFM
mode: Once the PV inverter is synchronized with the external
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Fig. 4: PV panel operating characteristics when irradiance changes.

grid, the breaker will close and the PV inverter will be operated
in the GFM mode to produce the required power by following
Equation (3).

3) Mode transition from GFM mode to LGF mode: Con-
sidering the intermittent nature of the solar energy, there is
a possibility of a large disturbance (e.g., irradiance change),
which will disturb the system power balance and the operating
point will move towards V,,,,, in phase I shown in Fig. 4. The
operating point can move even to the left side of MPP in phase
IT shown in Fig. 4. To address this issue and avoid potential
stability issues, the LGF mode will be activated when the PV
voltage reaches a threshold voltage V;;. The secondary control
of the PV inverter will be updated by following Equation (4)
so that the operating point will be back to V,,,;,, as the phase
III shown in Fig. 4.

4) Mode transition from LGF mode to GFM mode: After
the disturbance ends and the PV panel can satisfy the power
demand, the operation mode will be changed back to GFM
mode in phase IV shown in Fig. 4. In LGF mode, the inverter
outputs the PV maximum power. With the disturbance disap-
pearing, the output power will increase accordingly following
the MPPT algorithm. When the PV inverter output power
reaches the power demand plus a power reserve (i.e., additional
percentage added to the reference), the secondary control will
be updated as Equation (3).

E. Control Strategy for Two-stage PV Systems

For the two-stage PV systems, the PV array is usually
cascaded with a DC/DC boost converter and then connected to
the inverter [15]. By comparing the single-stage PV systems,
the use of the DC/DC converter will increase the overall
controllability and can share the computational burden from
the MPPT algorithm with the inverter. Further, the control
strategy differences between the single-stage and two-stage
PV systems are summarized as follows.

1) In the islanded, synchronization, and GFM modes, the
DC/DC converter in the two-stage PV systems regulates the
DC bus voltage, and the inverter has the same control strategy
as the single-stage PV systems.

2) In the LGF mode, the DC/DC converter in the two-stage
PV systems implements the MPPT algorithm, and the inverter
will regulate the DC bus voltage to be a constant value.
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Fig. 6: Test results for the single-stage PV system.

III. SIMULATION TESTS

A test system with a single-stage or two-stage PV inverter
connected to the grid is considered in this section to verify
the proposed method. As shown in Fig. 5, the PV inverter and
the load are coupled at PCC and the configuration of the PV
inverter can be implemented as either single-stage or two-stage
by removing or adding the optional DC/DC converter. In the
simulation tests, we mainly focus on the mode transition from
GFM mode to LGF mode or LGF mode to GFM mode since
these two parts are more complex.

A. Single-Stage PV Inverter

The inverter power and voltage rating are set as 100
kW and 480 V (ph-ph, RMS), respectively. The simulation
was conducted in MATLAB/Simulink and the PV panel was
selected as 1SOLTECH 1STH-215P, where the maximum
power under the standard test conditions of a single panel
is 213 W. In the simulation, the PV array is configured by 15
strings with 30 series-connected modules per string. A single-
stage configuration is implemented in this scenario and the
inverter was configured with the proposed control strategy.
The corresponding results are captured and shown in Fig. 6.

Before time ¢, the power from the PV array can satisfy the
power demand and produce the required power, i.e., 50 kW,
to the grid, as the orange and blue curves shown in the second
figure in Fig. 6 before ¢;. At the time ¢;, the irradiance starts
to decrease, and the PV terminal voltage v, will decrease
if the PV inverter desires to produce the same amount of
power, as the blue curve shown in the third figure in Fig.

6 between ¢; and t5. If v,, keeps above V,,,,, the inverter
will continue producing the required power; however, if V,,,
is below V,,;,,, and reaches the threshold voltage V};, (i.e., 810
V in this scenario), the PV inverter will change its control
function to LGF mode and produce the maximum power to
the grid. The transients introduced by this mode transition are
shown in Fig. 6 around time 5.

After time t3, the irradiance starts to increase and the PV
and inverter output power increase accordingly by following
the MPPT algorithm as the orange and blue curves shown in
the second figure in Fig. 6 between t3 and t4. At time ¢4, the
inverter output the required power plus a reserve (i.e, 10 % in
this scenario), the inverter changes its control function to the
GFM mode and output power returns to the demand value.

B. Two-Stage PV Inverter

The two-stage PV inverter has the same configuration and
ratings as the single-stage PV inverter expect the additional
DC/DC boost converter. As mentioned earlier, the DC/DC
converter will regulate the DC bus voltage when the inverter
is in the GFM mode and will implement the MPPT algorithm
when the inverter is in the LGF mode. The corresponding
results are captured and shown in Fig. 7.

At time t1, the irradiance decreases and the boost converter
regulates the DC bus voltage to the reference value, i.e., 1200
V. When the PV voltage v,,, reaches Vy, at time ¢», the inverter
changes to LGF mode, and the boost converter starts to work
in the MPPT mode. The DC bus voltage will be regulated
to the reference value by the inverter as the orange curve in
the third figure of Fig. 7 and the PV and inverter power will
follow the MPPT algorithm as indicated in the orange and blue
curves in the second figure of Fig. 7 between time t5 and 4.
At time t4, the two-stage PV inverter will change its control
function to GFM mode and the boost converter will regulate
the DC bus voltage.

In these two simulation test scenarios, both the single-stage
and two-stage PV inverters are evaluated for the mode transi-
tion from GFM mode to LGF mode and LGF mode to GFM
mode. The simulation results show that the proposed control
strategy could function well and enable the PV inverter to
provide uninterruptible power to the grid when the irradiance
changes.

IV. HARDWARE VALIDATION
A. Test Prototype

The proposed GFM control strategy for PV inverter has
been verified through a down-scaled laboratory prototype. The
single-line representation of the test prototype is shown in Fig.
8 (a), and the hardware setup is shown in Fig. 8 (b). The
PV emulator, inverter, and grid simulator are all constructed
using the Siemens TAPAS Software Defined Inverters. The
TAPAS board features a 48 V, 3-phase GaN power stage with
switching frequency up to 300 kHz [11]. For the PV emulator,
one of the three full bridges of the TAPAS board is used; thus
it can be operated as a buck converter to emulate the I-V
characteristics of a PV panel. Besides, the TAPAS board can
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Fig. 8: Test prototype: (a) system configuration. (b) hardware setup.

generate a three-phase constant voltage with a frequency of
60 Hz; thus it also can be used as a grid simulator. Further,
another TAPAS board is operated as a GFM inverter and is
configured with the proposed control strategy and the detailed
parameters of the inverter are provided in TABLE I. Notes
that the per-unit system is used in this work and all PI control
parameter are tuned for the per-unit values so that this set of
parameters have more scalability when the power or voltage
ratings change.

B. Test Results

A test case considering the mode transition is conducted
and the corresponding waveforms are captured in Fig. 9. In

TABLE I: System Parameteres

Parameter Symbol | Value
switching frequency fsw 150 kHz
power base Sh 50 W
voltage base Vi 12V
frequency base o 60 Hz
frequency droop gain mp 0.05 p.u.
voltage droop gain ng 0.02 p.u.
synchronization loop proportional gain Kyn 0.05 p.u.
synchronization loop integral gain K; 0.2 p.u.
synchronization loop anti-windup gain Kowv 0.4 p.u.
power loop proportional gain K,p 0.001 p.u.
power loop integral gain K;p 0.4 p.u.
power loop anti-windup gain Kawp 0.8 p.u.
DC voltage regulation proportional gain | K,p 0.003 p.u.
DC voltage regulation integral gain Ki,p 0.006 p.u.
DC voltage regulation anti-windup gain | KgwpD 0.012 p.u.
voltage loop proportional gain Kyv 0.1 p.u.
voltage loop integral gain Kv 25.0 p.u.
voltage loop anti-windup gain Kowv 50.0 p.u.
load (per phase, Delta connection) load 10 ©
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Fig. 9: System outputs, including PV and inverter power, PV voltage, and
inverter frequency

Fig. 9, the PV and inverter output power, PV voltage, and
inverter frequency are measured and the data is obtained by
the communication board as shown in Fig. 8. At time {,
the PV emulator starts to work and provides the power for
the control circuits of the inverter. At time t;, the inverter
output is enabled, the PV output power increases a little due
to the drive circuit, and the inverter will be operated in the
islanded mode. At time to, the synchronization starts, and
the inverter will be operated from the islanded mode to the
synchronization mode. Further, the voltage at the PCC-side
and inverter side, i.e., v; and v, are obtained as shown in Fig.
10, the inverter side voltage is gradually adjusted to match with
the PCC voltage and the corresponding waveforms after the
synchronization is shown in Fig. 11. At time ¢3, the breaker S
closes and the inverter is operated to the GFM mode, it will
output the required power, i.e., 25 W in this case. At time t4,
the irradiance value is set to decrease from 0.8 kW/m? to 0.5
kW/m? with the rate -30 W/(m?-s). At time ¢5, the PV voltage
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reaches the threshold voltage (i.e., 27 V in this work), and
the inverter will change the operation mode from GFM mode
to LGF mode. The PV will output the maximum power by
implementing the MPPT algorithm. At time g, the irradiance
value is set to increase from 0.5 kW/m? to 0.8 kW/m? with
the rate 30 W/(m?-s). The PV will still output the maximum
power when irradiance changes until time ¢7, when the output
power is larger than the power reference plus a power reserve
(10% in this case), the inverter will be back to GFM mode.

V. CONCLUSION AND FUTURE WORK

A holistic grid-forming control strategy is proposed and
developed for the single- and two-stage PV inverters for
grid-connected operation. The operating characteristics of the
PV system are analyzed when disturbances happen and the
criteria for mode transition are identified. The simulation
and hardware test results show that the proposed control can
perform well under various conditions. Future work includes
further hardware testing in the utility-scale and fault scenarios.
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