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ABSTRACT Induction machines (IMs) are used extensively in irrigation systems due to their high reliability
and line-starting capability directly from the power grid without requiring variable speed drives (VFDs).
Nonetheless, line-connected IMs draw a substantial starting current from the grid, leading to grid insta-
bility, heightened demand charges, and premature failures in irrigation systems due to excessive water
pressure. Although VFDs can effectively alleviate the starting current, their associated costs for equipment,
installation, and maintenance are higher than line-connected IMs. Consequently, this results in limited
adoption in the market. This paper proposes a shunt-connected photovoltaic (PV) inverter with a newly
devised synchronous scalar control technique to tackle this issue. This system can be retrofitted into existing
line-connected IM setups to reduce the excessive initial current effectively. Once the IM attains its rated
operating state, the power source is seamlessly switched from the PV inverter to the power grid within two
electrical cycles. This minimizes transient currents while ensuring uninterrupted operation of the irrigation
system. The PV inverter can supply continuous active and reactive power, resulting in energy savings
throughout the year during irrigation and off-irrigation seasons. Moreover, the proposed PV inverter can
be dimensioned as small as 50% of the irrigation system, significantly reducing the peak starting current.
Simulation and experimental results closely align, demonstrating the favorable soft-starting performance of
the inverter.

INDEX TERMS Induction machine, irrigation, PV inverter, scalar control, soft-starting, starting current.

I. INTRODUCTION This oversizing ensures these systems can lead to high flow

Most agricultural irrigation systems are centered around a
pump, and it is essential to ensure that the pump is appro-
priately sized to match the requirements of the water source,
distribution network, and demands of irrigation equipment.
However, it is estimated that around 75% of existing irrigation
pump systems are generally oversized by more than 20%.
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rates and pressures at the pump [1], [2], [3].

The variable speed drives (VFDs) offer an effective solu-
tion for matching pump systems more precisely to the actual
requirements of the irrigation setup. This leads to energy
savings and conserves a significant amount of water. Nev-
ertheless, there are currently approximately 20 times more
fixed-speed (line-connected) induction machine (IM)-driven
pumps in operation compared to the number of new ones
entering the market each year. This slow adoption rate can be
attributed to the challenges associated with replacing existing
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FIGURE 1. Measured power grid (a) line-to-line voltage drop of 80 V
(480 Vrms) and (b) over 330 A peak starting current of a line-connected
IM (50 hp).

systems with VFDs, which involve substantial costs and time
investments [4].

Due to the numerous merits associated with IMs, such
as their mechanical simplicity, durability, reliability, cost-
effectiveness, and low maintenance requirements, they have
traditionally dominated the landscape of irrigation systems.
However, the line-connected IM presents a significant chal-
lenge during its starting phase, requiring an excess of 7 per
unit (p.u.) starting current, as depicted in Figure 1(a) and (b).
This excessive starting current can result in power grid insta-
bility, elevated demand charges, and a decline in the reliability
of the irrigation system [5].

It is crucial to note that this high starting current also gen-
erates substantial starting torque, causing the water pressure
in the irrigation system to soar to levels as high as 100 pounds
per square inch (psi). This is 40 psi higher than the nominal
operating condition, as displayed in Figure 2(a). This unde-
sirable surge in water pressure, often called water hammer,
can lead to premature failure of the irrigation system and
necessitate more frequent maintenance [6], [7], [8], [9], [10].

To mitigate the high starting current problem of IMs, the
V/Hz control (i.e., scalar control) is widely used as a simple
and robust induction machine control approach. It is proved
that the V/Hz control with the compensated slip frequency
from a nonlinear torque-speed approximation reduces the
speed error, leading to starting a current reduction [11]. A new
control algorithm for V/Hz control of pulse width ampli-
tude modulation (PWAM) with a multilevel quasi Z source
inverter (qZSI) achieves starting of IM without the starting
current transient [12]. The V/Hz control also opened a door
for cost-effective restarting of IM when IM operation should
be re-initiated due to momentary power disruptions. A V/Hz
fuzzy-logic control mechanism that ensures the alignment of
the output frequency with machine speed is proposed in [13].

5178

o~ Peak transient
i j water presgure
L] 1{

120
100

Pressure [psi]

0 20 40 80 80 100 120
Time [hr]
(b)

FIGURE 2. Measured water pressure from a line-connected induction
machine-driven irrigation pump for five days (124 hours) with 15 minutes
sampling interval. (a) Measured pressure data. (b) Demonstration site
with IM-driven irrigation pump and pressure sensor.

This is achieved even when knowledge of machine param-
eters or speed feedback is unavailable when the machine is
in a field-weakening state. Furthermore, a universal flying
restart strategy of the IM using V/Hz control was proposed
in [14], [15], and [16]. The strategy using input power and
input power perturbation effectively resolves the instability
and searching time concerns associated with the integrator
controller in identifying rotor speed. The restarting methods
with the V/Hz control under a single power source have
been proposed and proved their validity, but a V/Hz con-
trol synchronized with two different power sources, such as
photovoltaic (PV) inverter and AC power grid, has not been
investigated.

This paper introduces a shunt-connected PV inverter
system with a newly proposed synchronous V/Hz control
method, which provides voltage and angle synchronization
during the transition between PV inverter and AC power grid.
The proposed system can be readily retrofitted into exist-
ing line-connected IMs, and effectively mitigates the high
starting current, as outlined in [1], [17], and [18]. Moreover,
when the irrigation season concludes, this PV inverter can be
reconfigured to a standard PV inverter, providing continuous
active and reactive power throughout the year and resulting
in substantial energy savings.

Section II will introduce the proposed shunt-connected PV
inverter topology and its operating principle. Section III intro-
duces the commutation strategies of four different modes of
operation, relay configuration, and dead time. Section IV will
present the proposed synchronous scalar control technique,
which synchronizes the V/Hz control with the power grid.
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FIGURE 3. Proposed shunt-connected PV inverter and 3-phase power
system grid connection for IM-driven irrigation pump.
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Section V will provide the estimated starting current simu-
lation results with different active and reactive power levels
injected from the shunt-connected PV inverter. Section VI
will show the experimental results. The conclusion will be
drawn in the last section.

Il. PROPOSED SHUNT-CONNECTED PV INVERTER
TOPOLOGY AND OPERATING PRINCIPLE

The suggested shunt-connected PV inverter system com-
prises several key components: a PV panel, a three-phase
inverter, a line filter (such as an LC or LCL filter), and a
delta-connected relay system for reconfiguration, as visually
represented in Figure 3. This PV inverter is linked in parallel
(shunt-connected) with the current line-connected IM system,
which encompasses the power grid, a three-phase IM, and
relay systems using the delta-connected relay setup.

In typical grid-tied applications, a three-port wye-
connected relay configuration utilizing mechanical AC con-
tactors [19], [20], [21], [22] is commonly employed, featuring
a single point of common coupling (PCC), as demon-
strated in Figure 4(a). Nevertheless, this wye-connected relay
arrangement is associated with elevated conduction losses
due to the series connection of two contactors in each mode
of operation.

In contrast, the proposed three-port delta-connected relay
configuration necessitates only one contactor for each mode,
thereby reducing the overall conduction loss by 50%,
as delineated in Figure 4(b). It’s crucial to emphasize that
integrating the PV inverter into the system as a shunt con-
nection requires minimal modifications, making it easily
retrofittable into the existing line-connected IM-based irri-
gation system. This approach results in savings on initial
installation and replacement costs.

An irrigation pump and IM typically have power ratings
ranging from a few horsepower to several tens of horsepower
(e.g., 5 — 60 hp). The specific rating depends on factors such
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FIGURE 4. Two three-port relay configurations for the proposed
shunt-connected PV inverter (a) Wye-connected, (b) Delta-connected
relays (proposed).

TABLE 1. Specification of the PV inverter and PV panels for MATLAB
simulink simulation.

Parameters Value Unit
Inverter output power 5 kVA
DC-link voltage 440 \
Single PV panel maximum power 370 W
Single PV panel MPP voltage 37 \
Number of PV panels for a string 12 -
PV string power 4.4 kW
PV string MPP voltage 440 \
PV string MPP current 10.01 A
Grid voltage 240 Vims

as the size of the farm and the type of crops being culti-
vated [23], [24], [25]. Consequently, a single unit of the PV
inverter module is optimally designed with a 6.5 hp (5 kVA)
capacity, and the overall power rating can be expanded by
connecting multiple modules in parallel. For instance, it can
cover a wide range of irrigation systems. A comprehensive
specification for a solitary PV inverter module is provided
in Table 1, with the inverter designed for operation with
a 240 Vs three-phase power grid.

The shunt-connected PV inverter can operate in four dis-
tinct modes, and the delta-connected relay system, which can
be comprised of either mechanical or solid-state contactors,
facilitates seamless transitions among these modes. A com-
plete operational cycle necessitates sequential transitions
from Mode 1 to Mode 4, as succinctly detailed in Table 2.

Mode 1 signifies an idle state with no power flow, where
neither the PV inverter nor the power grid is connected
to the IM. In Mode 2, the PV inverter links to the IM
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TABLE 2. Four different modes of operation of the proposed shunt-connected PV inverter.

Mode of Operation Power Flow Functions
Mode 1 No power flow Idle
Mode 2 PV inverter — Induction machine Induction machine soft-starting
Mode 3 Power grid / PV inverter — Induction machine Peak shaving and reactive power compensation
Mode 4 PV inverter —» Power grid Renewable energy generation
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FIGURE 5. Four modes of operation of the shunt-connected PV inverter system. (a) Mode 1 - idling, (b) Mode 2 - IM soft-starting,
(c) Mode 3 - peak shaving and reactive power compensation, (d) Mode 4 - regular PV inverter operation mode (off-irrigation season).

for a soft start using a synchronous scalar control technique.
Importantly, this technique does not require the installation
of additional rotor position sensors, such as encoders, hall
sensors, or resolvers. When the IM reaches its rated speed, the
power source switches back to the power grid for continuous
IM operation in Mode 3. During this mode, the PV inverter
may continue to supply active or reactive power to the power
grid for peak shaving and reactive power compensation.

Although the PV inverter can provide sufficient power for
IM operation, Mode 3 is vital for ensuring the uninterrupted
operation of the irrigation system, taking into account the
intermittent and variable nature of solar energy. In Mode 4,
the proposed PV inverter system directly connects to the
power grid to generate active and reactive power, promoting
year-long energy savings through typical renewable energy
generation practices.

IIl. COMMUTATION AND RECONFIGURATION PROCESS
As the proposed shunt-connected PV inverter necessitates
transitions between its four operational modes, executing the
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commutation process with proper consideration for the dead
time between these modes is crucial. In Mode 1, both
the shunt-connected PV inverter and the power grid are
disconnected from the IM, resulting in zero power flow,
as shown in Figure 5(a). Contactor C (SW-C) is closed to
activate the irrigation pump, enabling the shunt-connected
PV inverter to drive the IM using the synchronous scalar
control technique. This eliminates the high peak starting
current, as depicted in Figure 5(b), marking the transition
to Mode 2.

Moving from Mode 2 to Mode 3 occurs when the IM
achieves a stable operational state. Initially, the PV inverter
is temporarily disengaged, providing no power to the IM.
While the IM continues to rotate with its inherent iner-
tia, the grid-side contactor (SW-B) is closed, facilitating
the transition from Mode 2 to Mode 3 within a brief
period of two electrical cycles (less than 35 ms). This swift
transition ensures uninterrupted operation of the irrigation
pump, unaffected by weather conditions or temporary shad-
ing issues with the PV panels. Following the completion of
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this transition, the PV inverter can supply active and reactive
power to the IM to support the power grid, as illustrated
in Figure 5(c).

Upon concluding the irrigation pump operation, only con-
tactor A (SW-A) is engaged, directly connecting the PV
inverter to the power grid, as displayed in Figure 5(d), denot-
ing the initiation of Mode 4. In this mode, the PV inverter is
capable of delivering active and reactive power, facilitating
year-round energy savings, particularly during the fall and
winter seasons when the irrigation season is inactive.

IV. SYNCHRONOUS SCALAR CONTROL TECHNIQUE

One of the key benefits of the proposed shunt-connected
PV inverter is that this system can be retrofitted to the line-
connected IM-drive irrigation pumps without any significant
modification to the existing irrigation system. Since most
line-connected IMs do not have rotor position estimation
sensors such as an encoder or resolver, the PV inverter
utilizes a scalar control technique (i.e., V/Hz control) to
keep the starting current constant during the machine accel-
eration. However, the conventional scalar control, shown
in Figure 6(a), does not provide the grid synchronization
capability, which is critical when the mode of operation
changes from Mode 2 to 3. The conventional scalar control
calculates the three-phase output voltages from the input
frequency and the corresponding voltage commands,

ve = V]sinQ2ruft) (1)
vy = VisinQ2rft + 27/3) 2)
Ve = Visin@uf*t — 21/3) 3)

where fgx is the input command frequency, and Vgx is the
calculated PV inverter output voltage command.

When the IM operates in its rated condition, the PV inverter
output voltage is at its peak and an identical frequency with
the power grid. To ensure minimum transient current from
the power grid, the angle difference between the PV inverter
output voltage and the power grid voltage must ideally be
Zero.

For the grid and PV inverter output voltage synchro-
nization, a new synchronous scalar control technique is
proposed in this paper as shown in Figure 6(b). Instead of
using the conventional scalar control technique where the
input frequency (f;*) is used to estimate the input voltage
magnitude (V") through a predefined V/Hz waveform, the
frequencies of three-phase output voltages are calculated
using the grid voltage and expressed as,

egrid = angridt 4
va = V/'sin(kOgriq) ®)
vp = Visin(kOgrig+2m/3) 6)
ve = V{ sin(kOgrig—27m/3) @)

f*
k=TI ®)
fgria’

where 6,4 is the power grid angle estimated through phase
locked loop (PLL), fgriq is the grid frequency, and Vx is
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FIGURE 6. Controller diagram of (a) the conventional scalar control and
(b) the proposed synchronous scalar control technique with grid
synchronization. (c) Inverter output voltage synchronizing with grid
voltage at 60 Hz through synchronous scalar control technique.

the calculated PV inverter output voltage command. Since
the estimated grid angle is directly used to calculate the PV
inverter output voltage, the final output of the synchronous
scalar control technique is synchronized with the grid output
voltage in its frequency and angle, when k is equal to 1 as
shown in Figure 6(c). The grid synchronization capability
of the proposed synchronous scalar control technique is val-
idated through simulation and experiment in the following
sections.

V. SIMULATION RESULTS

A. OPTIMAL DEAD TIME SELECTION

To guarantee a smooth transition between various operational
modes and to alleviate potential concerns such as transient
currents and short circuits, it is essential to precisely adjust
the dead time in the relay setup of the PV inverter system. The
dead time represents the duration between the deactivation of
one relay and the activation of the next.
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FIGURE 7. Maximum current and settling time of the three-phase power
grid with respect to different dead times and irradiances.

A parametric analysis was conducted to assess this com-
prehensively, encompassing a wide range of irradiances
spanning from 200 to 1,000 W/m?, alongside different dead
time values ranging from 0 to 50 ms. The primary objective
of this analysis was to quantify the maximum current and the
setting time of the input current for the IM. The outcomes
of this analysis are presented in Figure 7. As anticipated,
the maximum transient current diminishes as the dead time
is reduced and the irradiance levels increase. For instance,
below 20 A is observed within the small dead time range
of 0 to 20 ms and under high irradiance conditions ranging
from 800 to 1,000 W/m2, as depicted in Figure 7(a). Given
that the maximum current experiences an uptick within the
dead time range of 0 to 10 ms, the optimal dead time interval
is determined to be between 10 to 20 ms.

Solar irradiance plays a pivotal role in determining the
system’s settling time, while it exhibits a limited sensitivity
to variations in the dead time, as illustrated in Figure 7(b).
In order to minimize the settling time, it is suggested that an
optimal dead time range of 10 to 30 ms be considered. How-
ever, when taking into account both the maximum current and
the settling time, the optimal dead time narrows down to the
10 - 20 ms range.

This selected optimal dead time configuration ensures
that the system experiences a minimal peak transient cur-
rent falling within the 10 to 20 A range and achieves

5182

10 ms Deadtime

PV Inverter Voltage

500,
SRGE 40
R | LU A
q"‘ PVInverlerCurrenl
2 ,/"\ A ,».‘an:“mu e ,,,,,/dlsengaged
7: ¥ M jJJ‘;i"‘t"dl*'fﬂ‘*' gt
“"'ll‘ "‘ Power Grid Voltage " il
olrmw' A " ‘
m{')“““ 02 ‘ D‘J 0e o8 1 ':: 14 1 L] 2
- __Power Grid Current
o Grid
Connected
0 Y ; Y 08 1 12 14 18 18 2
(a)
10 ms Deadtime
| Mode3 |
Stator Current
0 v . “II“I (TR s «‘
'm; '3:1‘ 'U;‘ oto;—-ﬁéu ném 5 ‘.; :
—_<20 A overshoot
0 A N
E‘:“ . Iiﬂ Sp;ed ($m) : : " r b ’
:, I":I Loat‘.l anc]IEIM f;rque:s ) ) ; b ‘
20 A “'h.‘.,w‘f‘.'f\m—x

0 02 04 08 08 1 12 14 18 18 2

(b)

FIGURE 8. Simulated PV inverter for induction machine soft-starting with
10 ms dead time and transition from Mode 2 to 3. (a) Estimated output
voltage and current of the PV inverter and power grid at 100% irradiance.
(b) IM current, speed, and torque characteristics during the starting and
mode transition.

settling within less than 30 ms when the solar irradiance
surpasses 500 W/m?. It’s noteworthy that this proposed dead
time range aligns with the typical switching time of mechan-
ical relays, which typically falls between 10 to 20 ms. This
finding validates that operators of irrigation systems can
effectively employ the proposed shunt-connected PV inverter
to reduce the starting current during a substantial time win-
dow exceeding 12 hours, for instance, from 6 a.m. to 6 p.m.

B. STARTING CURRENT EVALUATION AND DEAD TIME
EFFECT

The proposed shunt-connected PV inverter, the delta-
connected relay configuration, and the three-phase power
grid system were modeled and simulated via MATLAB
Simulink. In the initial analysis, the PV inverter supplied
1 p.u. output power to the IM during Mode 2, resulting in a
soft start with a starting current of less than 25 A, as depicted
in Figure 8(a). The synchronous scalar control technique
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FIGURE 9. Experimental setup of the proposed shunt-connected PV
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ensured that the stator current and machine torque remained
relatively constant while the machine speed linearly increased
until reaching its rated value of 1,750 rpm, as illustrated
in Figure 8(b).

The transition from Mode 2 to Mode 3 was facilitated with
a 10 ms dead time, and the maximum transient current drawn
from the power grid was below 20 A, as shown in Figure 8(a).
Notably, the peak overshoot in the transition current was
observed to be five times lower than the typical starting
current of a line-connected IM, which exceeds 90 A.

VI. EXPERIMENTAL RESULTS

The experimental setup of the proposed shunt-connected PV
inverter is designed and tested as shown in Figure 9. The
synchronous scalar control method is implemented in the
MATLAB Simulink, and autocode generation is used to load
the code on the target digital signal processor (DSP). A three-
phase machine drive (TMS320F28335 control-CARD and
TI-DRV8301-HC-C2) is used for the PV inverter. The IM
and the dynamometer are rated at 200 W for lab-scale test-
ing and demonstration. A three-phase grid simulator model
9410 from NHR is used for the power grid. The IM and
three-phase inverter specifications are summarized in Table 3.
The selected mechanical relays were rated at a phase voltage
of 240 Vs to be retrofitted to the existing line-connected
system. The mechanical relay input signals are provided
by a four-channel optically isolated solid-state relay (SSR),
which serves as an interface between the DSP and the delta-
connected relays.

A. DEAD TIME ESTIMATION OF MECHANICAL RELAYS

To achieve the most efficient operation of the proposed PV
inverter with minimal transient and settling times, the relay
switching speed was assessed to determine the times it takes
for the relays to turn on and off. The cumulative dead time of
the delta-connected relay within the PV inverter system relies
on the turn-off time of SW-C and the turn-on time of SW-B,
which is less than 20 ms, as evident in Figure 10(a) and (b).
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Parameters Value Units
Rated power 200 W
Rated voltage 20 Vims
Max speed 4,000 RPM
Number of poles 4 -
Rotor moment of inertia 5.89x10° Kg-m2
Resistance (L-L) 0.32 Q
Grid voltage 20 Vims
Grid frequency 60 Hz
Inverter DC-link Voltage 25 \'
Inverter Power Rating 500 w
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FIGURE 10. Measured timing of DSP signal, relay inductor turn-on and
-off, and relay contactor turn-on and -off.

The total turn-off delay of the selected mechanical relay
was measured at 13 ms, encompassing the delay between the
DSP signal and the relay inductor and the interval between the
relay inductor and the actual relay contactor turning off. Sim-
ilarly, the total turn-on delay of the chosen mechanical relay
was measured at 17 ms, encompassing the delay between the
DSP signal and the relay inductor and the interval between
the relay inductor and the actual relay contactor turning on.

This demonstrates that the combined dead time during
the transition between modes can potentially be reduced to
as low as 17 ms if the turn-on and turn-off commands are
issued sequentially. While this dead time still falls within the
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FIGURE 11. Measured grid voltage and IM stator current during line
starting process. (a) Measured grid voltage and current for 14 s.
(b) Zoom-in waveforms of grid voltage and current for 1 s.

optimal range of 10 to 20 ms, further reduction is possible
by overlapping the turn-off and turn-on commands without
causing a short circuit in both relays.

Given that the experimental setup represents a scaled-down
model of irrigation pumps, typically rated at over 20 hp, there
are variations in machine starting and rated current when
compared to larger induction machines (IMs) operating at a
fixed grid frequency. To compare the starting current with
and without the proposed shunt-connected PV inverter, the
IM starting current without the PV inverter is measured. This
measurement uses a 200 W IM and a 20 V¢ grid voltage
operating at 60 Hz.

In the case of an IM with a stationary rotor, it behaves akin
to a transformer with a short-circuited secondary winding.
In this scenario, there is no back electromotive force (emf)
to counteract the emf in the stator windings. Consequently,
a considerably high current flows through both the stator and
rotor windings. As the rotor’s speed increases, approaching
the rated revolutions per minute (rpm), the back emf gener-
ated by the rotor leads to a reduction in stator current.

Figure 11(a) illustrates the grid voltage and stator/grid cur-
rent during the process of line starting. A closer examination
in Figure 11(b) reveals that the stator current surges to 16.5 A
during the first five electrical cycles. After just 0.1 seconds,
the IM stabilizes at a steady-state condition. It’s worth noting
that the grid voltage experiences a 30% drop as the IM
draws a high starting current. This phenomenon aligns with
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FIGURE 12. Measured PV inverter output voltage, current, and power grid
voltage for grid synchronization. (a) PV inverter output voltage, current,
and grid voltage for 1.5 s. (b) Zoom-in waveform of the PV inverter output
voltage, current, and grid voltage in rated condition (steady-state).

-
o

the observations made in field measurements, as depicted in
Figure 1(a) and (b).

B. SYNCHRONOUS SCALAR CONTROL FOR
SOFT-STARTING AND GRID SYNCHRONIZATION

The proposed synchronous scalar control technique is exe-
cuted within MATLAB Simulink, and autocode generation is
employed to transform the model into the DSP code required
for the target system. This generated code gently initiates
the IM to validate two specific objectives: (1) achieving a
soft start and (2) ensuring grid synchronization under rated
conditions.

Using the PV inverter with the synchronous scalar control
technique, variable frequencies, and pulse width output volt-
ages are generated, as portrayed in Figure 12(a). Throughout
the machine’s acceleration phase, the PV inverter maintains
the IM stator current at a peak value of less than 20 A through
scalar control. This guarantees the soft start of the IM with the
PV inverter and synchronous scalar control, minimizing the
peak current.

Once the IM reaches its rated speed, verifying whether
the PV inverter’s output voltage is synchronized with the
grid voltage to minimize grid transient currents is imperative.
Figure 12(b) displays both phase A of the PV inverter’s output
voltage (in red) and the grid voltage (in green), confirming the
synchronization of both waveforms.
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TABLE 4. Experimental result comparison between conventional (line
starting) and proposed topology with scalar control.

Conventional Grid-connected PV Inverter

Current
Overshoot 98.56 80.51
Rate [%]
Transition
Time
[Number
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FIGURE 13. Full test results of the experimental setup. (a) Stator voltage
and current for soft-starting and transition modes, (b) Zoom-in voltage
and current waveforms during soft-starting.

C. DEMONSTRATION OF SOFT-STARTING AND MODE
TRANSITION

The final demonstration encompasses two key aspects:
the soft-starting of the IM and the operation transition
from Mode 2 to Mode 3, as visually represented in
Figures 13 and 14. In Figure 13(a), we observe the stator
voltage and current of the IM over the entire test dura-
tion, which spans approximately 9 seconds. The proposed
synchronous scalar control technique facilitates the gentle
initiation of the IM using solar energy. Figure 13(b) illustrates
that this soft-starting technique effectively regulates the IM’s
stator current to remain below 15 A during the acceleration
phase.

Upon reaching its rated speed of 1,750 rpm, one of the
three mechanical relays that connect the PV inverter with
the IM is deactivated at around 7.955 seconds, as demon-
strated in Figure 14(a). Following a 30 ms dead time, the
power grid becomes engaged through the activation of the
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FIGURE 14. Full test results of experimental setup. (a) Mode transition
from 2 to 3 with 30 ms deadtime, and (b) Zoom-in waveforms of transient
voltage and current between Mode 2 and 3.

grid-side mechanical relay, ensuring the continuous opera-
tion of the IM. The recorded grid current exhibits a peak
value of less than 15 A and settles within less than two
electrical cycles. This starkly contrasts the line-starting IM
operation, where the peak current exceeds 15 A, and the
settling time extends beyond five electrical cycles, as shown
in Figure 14 (b). In comparison, with its soft-starting tech-
nique, the proposed PV inverter effectively mitigates both the
IM’s starting current and settling time. The key experimental
results of the comparison between the conventional system
with line-starting and grid-connected PV inverter with the
scalar control method (e.g., peak starting current of IM and
number of cycles in the transition) are summarized in Table 4.

VIi. CONCLUSION

This paper presents a novel shunt-connected PV inverter
system that incorporates the PV inverter, synchronous scalar
control, and delta-connected relay. The main objective of
this system is to mitigate the high starting current of the
IM by utilizing the PV inverter during the starting period.
Four distinct modes of operation and commutation strategies
are introduced, and the optimal dead time with minimum
transient current is quantified through simulation. A com-
prehensive parametric analysis is conducted to identify the
optimal dead time, irradiance, and inverter voltage that results
in minimal transient current and settling time, which should
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be less than 30 ms. An experimental setup is designed to
validate the proposed system, and the turn-on and turn-off
times of the mechanical relay are measured. The measured
delay times are found to be 13 ms and 17 ms, respectively,
falling within the optimal dead time range of less than
30 ms. By employing the optimal dead time and maintain-
ing an irradiance level higher than 500 W/m?, the proposed
shunt-connected PV inverter system can reduce the peak
transient current to as low as 20% of that observed in a
conventional line-connected IM system. Additionally, the set-
tling time can be reduced by 60%. Finally, a demonstration
confirms the effectiveness of the proposed synchronous scalar
control in facilitating a soft start of the IM and ensuring syn-
chronization with the power grid during the rated operating
condition, thereby minimizing transient current during mode
transitions.
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