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This paper presents a model of a batteryless off-grid photovoltaic (PV)
system with an adaptive multi-motor load. This model is developed as an
effort to enhance the power output of batteryless off-grid PV systems for
motor loads. Instead of using a single large-capacity motor, as commonly
done in previous studies, the model distributes the load into several smaller
motors and controls them adaptively. This approach allows for better control
of the total load impedance to support maximum power point (MPP)
tracking. A case study involving three three-phase induction motors, each
with an operating power of 200 W, is conducted, where the power
production of the proposed model is analysed by comparing it with the
theoretical MPP and a fixed-load motor system that represents a single large
motor. Under 1000 W/m2 irradiance and using an 852 Wp PV array, the
proposed model achieves a power output of 842 W, which corresponds to
98.83% of the MPP. In contrast, the system without this model only

generates 298 W, or just 35.02% of the MPP. The testing process spans a
5-second period during the motor starting state. The power production
analysis of the proposed model is presented in graphical form using
MATLAB/Simulink.
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1. INTRODUCTION

The batteryless off-grid photovoltaic (PV) system is widely recognized as a practical application of
PV technology, particularly suitable for supplying power to non-critical loads, as discussed in several studies
[1]-[3]. These types of loads are characterized by their ability to operate only when energy is available,
without relying on strict or continuous power demand requirements. Unlike conventional loads that must
remain active based on user needs, these loads are only activated when sufficient solar energy is available to
power them directly. Therefore, the batteryless off-grid PV system is highly suitable for flexible applications
that can adapt to the naturally variable availability of renewable energy.

One of the practical applications of a batteryless PV system is as a power source for driving electric
motor loads [4], [5]. This approach is employed for various purposes, including the operation of high-
capacity water pumps that deliver water into reservoirs, distillation processes, and other mechanical
applications that rely on motor-driven systems. In water pumping applications, the volume of water pumped
is directly dependent on the intensity of solar irradiance. The higher the solar intensity, the greater the
volume of water that can be delivered [6]. This process requires a control system capable of tracking the
maximum power point (MPP), typically achieved by regulating the current supplied to the motor load [7].
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In several studies, current control to the motor load is achieved by regulating the voltage supplied to
the motor. This voltage regulation can be implemented using two main approaches: the single-stage method
and the two-stage method. In the single-stage method, the system utilizes only an inverter block [8]-[13]. In
contrast, the two-stage method employs both a converter and an inverter block in sequence [14]-[19]. The
converter module is controlled using pulse width modulation (PWM) techniques, while the inverter is
regulated based on the modulation index [20]. This control strategy is aimed at achieving MPP tracking,
thereby optimizing the energy utilization from the PV system.

Studies generally regulate the voltage supplied to motor loads to track maximum power, with
control applied through the inverter to manage current flow to the load [21], [22]. This is crucial because
maximum power extraction depends heavily on achieving the optimal current level. However, challenges
arise when the load is an electric motor, whose impedance varies with operating conditions and cannot be
treated as a constant resistance [23]. The impedance value of the motor changes depending on its operating
condition. During the starting phase, the impedance decreases significantly compared to the steady-state
condition. Similarly, when the motor is loaded, its impedance also becomes lower. Conventional systems
often use a single large motor or multiple motors connected statically in parallel, which may reduce control
flexibility.

Due to the dynamic nature of motor loads [24], which differ significantly from conventional
resistive loads, current control from the PV panel through voltage regulation alone is insufficient. An
additional control variable is required to achieve more efficient maximum power tracking. One potential
approach is to modify the motor load configuration itself by replacing a single large motor or multiple
statically connected motors with an adaptive multi-motor load. This allows the number of operating motors to
be controlled, making the total impedance of the motor loads a variable.

This paper presents a power production analysis of a model of a batteryless off-grid photovoltaic
system with adaptive motor load, which was developed as part of the research conducted in this study. The
proposed model aims to optimize power utilization from the PV system by adjusting the number of active
motors based on the availability of solar energy. The findings demonstrate a significant improvement in
power output compared to conventional approaches. Evaluation was conducted by measuring the system's
power output at the MPP under varying levels of solar irradiance. For comparison, tests were also performed
on a fixed motor load configuration, representing systems with a single large motor or multiple statically
operated motors. This comparison highlights the advantages of the adaptive load model in enhancing PV
power utilization efficiency.

2. PV SYSTEM FOR MOTOR DRIVE APPLICATIONS

Photovoltaic (PV) panels generate electrical power based on the level of solar irradiance they
receive [25], [26]. Each irradiance level corresponds to a specific maximum power that the PV can deliver.
This maximum power can only be achieved when the output current and voltage of the PV meet the required
conditions. If the current drawn is either lower or higher than the optimal value, the PV will fail to operate at
its MPP [27], [28]. In this context, the characteristics of the motor load become a critical factor in
determining the PV system’s ability to reach and maintain maximum power production [29].

The PV system as a source of electrical energy is represented using an equivalent circuit model, as
illustrated in Figure 1(a). In this model, the PV is considered as a current source. The MPP the PV can
deliver is reflected in the behavior of this equivalent circuit. Under short-circuit conditions, as described in
(1), the maximum current flows directly to the load. In contrast, under open-circuit conditions, the entire
current flows through the diode component Ip, causing the forward-bias voltage to reach its peak value.
Consequently, the terminal voltage also reaches its maximum level, as stated in (2). The current output from
the PV during active load operation is shown in (3) [30], [31].

Iie = Iy, — I [exp (%) — 1] — % Q)
Voo =200 (441) @
b=ty Iy (exp (022 — 1) — () <

The induction motor load used to drive the pump exhibits power consumption characteristics that
can be represented using an equivalent circuit model, as shown in Figure 1(b). The current flowing into the
motor is determined by the output voltage of the inverter and the impedance of the motor itself. Several
studies, such as that conducted by [32], have controlled the motor’s input current by regulating the inverter
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output voltage. Meanwhile, the motor impedance is defined by its resistance and reactance, which are
typically not actively controlled but allowed to vary naturally during operation. The motor resistance is
constant and can be determined in advance, whereas the reactance depends on the motor’s operating
conditions, particularly the slip, which varies continuously during operation [33], [34].

To date, no study has specifically highlighted the role of impedance in determining the magnitude of
current flowing into the motor. This indicates a research gap that forms the basis for novelty in the present
study. The impedance value reflects the overall performance characteristics of the motor load. Total
impedance plays a crucial role in determining the stator input current and influences the motor's dynamic
response, especially during transient conditions such as startup or load changes. The slip value (s) directly
affects the motor impedance Z,,...» Which in turn impacts both the current magnitude and the resulting
electromagnetic torque [35], [36].

. Rl .y
Zmotor = Rs +jXs + (? +]Xr) 4)

The treatment of the load side plays a critical role in determining the amount of power that can be
produced by the PV panel. Each level of solar irradiance corresponds to a different MPP. To ensure that the
PV operates at maximum power under varying irradiance conditions, the output current must align with the
MPP current, In,. This current value varies with irradiance levels and is highly dependent on the
characteristics of the connected load.

R, I

(@) (b)

Figure 1. Equivalent circuit of (a) photovoltaic system [30] and (b) induction motor [35]

3. METHOD

The model of batteryless off-grid photovoltaic system with adaptive motor load developed in this
study is illustrated in Figure 2. The PV array supplies electrical power based on the received solar irradiance.
In this model, each motor is connected in parallel with both the PV array and other motors. Each motor load
is equipped with its own converter and inverter, which are controlled by a centralized control unit. This
control unit manages the operation of each motor deciding whether it should be activated or not and
determines the voltage level supplied to each motor load. Control is carried out by adjusting both the
converter and inverter associated with each motor unit.

In various studies on batteryless PV systems for pump operation, the load impedance could not be
actively controlled, as the system typically employed either a single large motor or multiple motors
connected in a fixed configuration, effectively functioning as a single large load [37], [38]. In contrast, the
proposed model in this study allows the equivalent impedance to be adjusted, resembling the behavior of a
rheostat. This is made possible through the use of an adaptive multi-motor load, where the total load can be
increased by activating additional motors.

(PPV = Pmotor) (5)
(Vo - Ipy = V3 - Vi, - Iy, - cos 6) (6)
2
(Pmotor = \/i(:zr - COs e) (7)
-1
Zootor = | S0y ——— 8
motor k=1 R! ( )

Rs+%+}'(Xs+X;k)

The power generated by the PV panel is calculated based on the relationship described in (5)-(7)
where Z,..., represents the impedance of the motor [39]. This approach limits the system's flexibility in

Modeling and analysis of batteryless off-grid photovoltaic with adaptive multi-motor (I Wayan Sutaya)



270 a ISSN: 2088-8694

adapting to variations in solar irradiance. The proposed adaptive multi-motor model calculates the PV output
current as the sum of the individual currents drawn by each motor, where each motor operates with its own
voltage and impedance characteristics. By independently controlling the voltage for each motor and
selectively activating or deactivating motors as needed, the system can dynamically adjust its total equivalent
impedance, as formulated in (9). As a result, power production can more closely approach the MPP under
varying irradiance conditions.

The proposed and tested model is illustrated in Figure 2. The multi-motor load in this configuration
is represented using three three-phase motors. As the system implements a two-stage power conversion
architecture, the regulation of electrical power consumption for each motor is achieved through both the
converter and inverter modules. The converter module provides a DC output voltage, while the inverter
module generates a three-phase AC output voltage.

The model developed in this study was simulated and tested using MATLAB, as illustrated in
Figure 3. To represent the multi-motor load, three three-phase induction motors were used, each rated at 200
W. Each motor is equipped with its own converter and inverter circuitry, all connected to a centralized
control unit. This control unit determines which motors should be activated by regulating their respective
converters and inverters. Additionally, the control unit monitors the PV output current and implements the
Perturb and Observe (P&O) method to track the MPP [40], [41].
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Figure 3. Design and testing of a model of a batteryless off-grid PV system with adaptive multi-motor load
developed in this study using MATLAB
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4. RESULTS AND DISCUSSION

In the testing and analysis process of the developed model, a PV array with a capacity of 852 Wp
was used. Figure 4(a) presents the MPP curve of the PV under various levels of solar irradiance. The
maximum power output of 852 W was achieved when the solar panel received an irradiance of 1000 W/m2,
with an output current of 7.35 A. Under this condition, the PV output voltage adjusted to approximately
116 V. Meanwhile, Figure 4(b) shows the current-voltage (I-V) characteristics, illustrating how the PV
voltage varies with changes in the output current.
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Figure 4. Power production graphs: (a) power output versus voltage and (b) current output from the PV
versus voltage at the PV terminal

4.1. PV power output and motor load consumption results

The simulation test results of PV power production and motor power consumption, along with the
performance of the motor loads, are presented in the form of graphs. These graphs display the current drawn
by each motor load. Oscillations in the current are observed as the motors reach their steady-state condition,
which is caused by the oscillating electromagnetic force generated by the motors that opposes the incoming
current. During the starting condition, the motors have not yet reached their maximum speed, resulting in a
relatively small back electromotive force (EMF) [23]. From the test result graphs, the time required by each
motor to reach steady-state conditions can be clearly observed.

4.1.1. Irradiance of 1000 W/m?2 with adaptive multi-motor load

The current consumption graph under an irradiance condition of 1000 W/m2 is shown in Figure 5. In
Figure 5(a), the current drawn by Motor 1 during the initial starting condition is recorded at 7.3 A. Within
approximately 0.7 seconds, Motor 1 reaches its steady-state condition, resulting in a significant reduction in
current to 1.9 A. After Motor 1 reaches steady state, Motor 2 is activated. The starting current drawn by
Motor 2 is 5.5 A, and it reaches a steady-state condition in about 0.9 seconds, as presented in Figure 5(b).
Next, in Figure 5(c), Motor 3 is turned on with a starting current of 4 A and reaches a steady-state condition
within 1.25 seconds. Once all three motors have reached steady-state operation, each draws approximately
the same current, around 1.8 A.

The total time required to reach steady-state conditions for the entire system is 2.85 seconds. This
value is obtained by measuring the peak current consumption during the starting process until all three
motors reach steady-state. Based on Figure 5(d), the total current drawn when all three motors are in steady-
state operation is 7.47 A. This value is very close to the current at the MPP, which is 7.35 A.

The power consumption graph of the motor loads under 1000 W/m?2 irradiance is shown in Figure 6.
In Figure 6(a), the power consumed by Motor 1 during the starting condition reaches 847 W over a period of
0.7 seconds. After reaching steady-state, the power consumption of Motor 1 drops significantly to around 200
W. Once Motor 1 is in steady-state, Motor 2 is then activated, as presented in Figure 6(b), consuming 650 W
for approximately 0.9 seconds before stabilizing. Subsequently, in Figure 6(c), Motor 3 is switched on,
drawing 500 W during its starting phase and requiring about 1.25 seconds to reach steady-state. Overall, the
graph illustrates the power consumption characteristics of each motor from the starting phase to the steady-
state condition.
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The total time required to reach the steady-state condition is 2.85 seconds. The power produced by the
PV system to bring the three motors into steady-state operation is 842 W, as shown in Figure 6(d). This power
level is already very close to the MPP, which is 852 W. This indicates that the PV system operates efficiently,
delivering nearly maximum available power during the steady-state condition of the multi-motor load.

Current Consumption of Motor 1 vs Time __ Current Con?umption of M°|t°’ 2 vs Time

=l
¥
i

s 8 — [ [~ Cument Consumption of Motor 1 || g i I‘— Current C on of Motor 2 ||
< 6~ .

6 - e
5 5
E ¢ | 59
0, — ﬁ]fl s O 2- lwr,'u i W q J“ lL

' a1 1 ’a U\u\f-f‘w”u L AR \m

0 0j5 1 15 2I 3 3.5 4 4.5 5 0 0.’5 1‘ 15 2‘ 25 .’IS 35 4

Tme Time
(a) _ (b)
Current Consumption of Motor 3 vs Time Total Output Currem from PV Array vs Time
- T T T 10E 1 I 1

8 1]— CunentConsumptionomeorfi]f 8 _ ‘I TcmlOquulCurmmrmmPVArray
e T d A
%, [y | §° “NL,\ .
I Wi

f 2
, U ettt fbﬁdwwﬂ i
0 D,l5 1 1.5 ; 25 .’; 3.5 4‘ 4.5 5 0 U:S ; 1:5 2I 25 I; 3.5 :I 4:5 5
Time Time
(© (d)

Figure 5. Current flow to motor loads under 1,000 W/m2 irradiance: (a) current flowing to Motor 1 load,
(b) current flowing to Motor 2 load, (c) current flowing to Motor 3 load, and (d) total current output from the PV
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Figure 6. Power consumption by motor loads under 1000 W/m?2 irradiance: (a) power consumed by Motor 1 load,
(b) power consumed by Motor 2 load, (c) power consumed by Motor 3 load, and (d) power produced by PV

The motor speed graph, used as an indicator of the steady-state condition of the motor loads under
1000 W/m2 irradiance, is shown in Figure 7. The maximum motor speed of 1500 rpm is achieved at steady-
state. This speed also serves as an indicator that the motor has reached its steady operating condition. In
Figure 7(a), Motor 1 takes 0.7 seconds to reach steady-state. In Figure 7(b), Motor 2 requires 0.9 seconds,
while in Figure 7(c), Motor 3 takes 1.25 seconds to reach steady-state. Figure 7(d) shows the voltage at the
PV terminal.

4.1.2. Irradiance of 900 W/m2 with adaptive multi-motor model

When the PV receives irradiance of 900 W/m2, Motor 1 is activated first until it reaches steady-state.
The current flowing to Motor 1 during the transition to steady-state is shown in Figure 8(a). It can be seen
that a current of 6.8 A flows to Motor 1 for 0.8 seconds. After that, Motor 1 reaches steady-state and draws a

Int J Pow Elec & Dri Syst, Vol. 17, No. 1, March 2026: 267-281



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 273

smaller current of 1.8 A. Next, as shown in Figure 8(b), Motor 2 is activated, drawing a current of 4.9 A for 1
second. Subsequently, in Figure 8(c), Motor 3 is turned on, drawing 3.2 A and requiring 2.5 seconds to reach
steady-state. The graph of the current output from the PV is shown in Figure 8(d).

The total time required for all motors to reach steady-state is 4.3 seconds. The current drawn to
bring the three motors into steady-state operation is 6.7 A, as shown in Figure 8(d). This current value is very
close to the MPP current, which is 6.62 A.
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Figure 7. Irradiance of 1000 W/m2 with PWM 30 and modulation index 0.85: (a) Motor 1 speed reaching
steady-state, (b) Motor 2 speed reaching steady-state, (c) Motor 3 speed reaching steady-state, and (d) voltage
at the PV terminal
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Figure 8. Current flow to motor loads under 900 W/m?2 irradiance with adaptive multi-motor configuration:
(a) current in Motor 1, (b) current in Motor 2, (c) current in Motor 3, (d) total current from the PV

The power consumption of the motor loads under an irradiance level of 900 W/m?2 is illustrated in
Figure 9. As shown in Figure 9(a), Motor 1 consumes 761 W during the starting-state condition, which lasts
for approximately 0.8 seconds. After reaching steady-state, its power consumption decreases significantly to
200 W. Under this condition, Motor 2 is then activated, drawing 562 W for about 1 second, as shown in
Figure 9(b). Subsequently, Motor 3 is switched on and consumes 360 W during its starting-state condition.
Motor 3 requires approximately 2.5 seconds to reach steady-state, as depicted in Figure 9(c). The total
maximum power that can be produced, 760 W, is presented in Figure 9(d).

The average power generated by the PV system to bring the three motor loads to steady-state
condition is 760 W. Meanwhile, the MPP of the PV under an irradiance level of 900 W/m2 is 765 W. This
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indicates that the power produced by the PV is very close to its maximum power point, demonstrating that
the adaptive multi-motor load model operates efficiently and optimally in utilizing the available power.

The graph illustrating the speed of each motor load is shown in Figure 10. The motor speed graph
serves as an indicator of when each motor reaches the steady-state condition. Steady-state is achieved when
the motor reaches a speed of 1500 rpm. The figure displays the speed profile of each motor as it approaches
steady-state. Respectively, Figures 10(a)-10(c) show the ability of Motor 1, Motor 2, and Motor 3 to reach
steady-state conditions within 0.8 s, 1.0 s, and 1.5 s. Meanwhile, Figure 10(d) presents the output voltage of
the PV system.
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Figure 9. Power consumption by motor loads under 900 W/m2 irradiance: (a) power consumed by Motor 1
load, (b) power consumed by Motor 2 load, (c) power consumed by Motor 3 load, and (d) total power
produced by the PV
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Figure 10. Motor load speed under 900 W/m2 irradiance: (a) speed of Motor 1 load, (b) speed of Motor 2
load, (c) speed of Motor 3 load, and (d) PV output voltage

4.1.3. Irradiance of 1000 W/m?2 with fixed multi-motor configuration

As a comparison to the performance of the adaptive multi-motor load model developed in this study,
a test was also conducted using a fixed multi-motor configuration with the same load. This type of load
serves as a representation of the study presented in [4], [5]. In this scenario, the three motor loads were
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connected in a fixed manner without employing an adaptive control system. This configuration can also be
considered as a representation of a single large motor with an equivalent total power rating.

Figure 11 illustrates the current consumption of each motor and the total current output from the PV
under the fixed configuration. Figures 11(a)-11(c) illustrate that Motors 1, 2, and 3 consume the same current
of 2.59 A. Figure 11(d) illustrates that the total current drawn by the three motors is 7.77 A, whereas the ideal
current required for the PV to operate at its maximum power point (MPP) is 7.35 A. This discrepancy
indicates that the PV system is not operating at its maximum power point, leading to suboptimal utilization of
the available power. As a result, the overall efficiency of the PV system in this configuration is reduced.

Figures 12(a)-12(c) illustrate that each motor consumes 99 W, resulting in a total power
consumption of 298 W, as presented in Figure 12(d). This value is significantly lower than the maximum
capacity of the PV, which is capable of delivering up to 852 W at the MPP. During the 5-second simulation,
all motors remained in the starting condition, and none of them reached the steady-state condition. This
outcome indicates that the fixed multi-motor configuration is unable to utilize the available power from the
PV effectively, resulting in inefficient overall system performance.
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Figure 11. Current flow to motor loads under 1,000 W/m?2 irradiance with statically connected motor loads:
(@) current in Motor 1, (b) current in Motor 2, (c) current in Motor 3, and (d) total current from the PV
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Figure 12. Irradiance of 1000 W/m? with statically connected motor loads (a) power consumed by Motor 1
load, (b) power consumed by Motor 2 load, (c) power consumed by Motor 3 load, and
(d) total power produced by the PV
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The motor speed resulting from the fixed multi-motor configuration, used as a comparison to the
adaptive multi-motor load model, is shown in Figure 13. Based on the simulation results, the maximum speed
achieved by each motor was only 500 rpm, as illustrated in Figures 13(a)—13(c), which is significantly lower
than the expected steady-state speed of 1500 rpm. This indicates that the motors failed to reach the steady-
state condition during the simulation period. Figure 13(d) shows the PV output voltage, which is notably low.
This voltage drop was caused by the high current drawn simultaneously by all three motors. The total current
exceeded the optimal current at the MPP, preventing the PV from operating efficiently. As a result, the
system’s overall efficiency was significantly reduced [42].
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Figure 13. Irradiance of 1000 W/m? with statically connected motor: (a) speed of Motor 1,
(b) speed of Motor 2, (c) speed of Motor 3, and (d) output voltage at the PV terminal

4.2. Analysis of test data results

Table 1 provides reference values for PV power output at the maximum power point under different
levels of solar irradiance. For the PV module used in this study, rated at 852 Wp, the system delivers 852 W
of power under an irradiance of 1000 W/m?, assuming a load current of 7.5 A. At 900 W/mz?, the PV produces
765 W when the load draws 7 A of current, and so forth for other irradiance levels. The data in this table
serve as a reference for evaluating the performance of the model of a batteryless off-grid PV system with
adaptive multi-motor load developed in this study.

The measurement results from the overall power production test using the model of a batteryless
off-grid PV system with adaptive multi-motor load are presented in Table 2. For the power production
analysis under an irradiance level of 1000 W/m2, the PV produced an average power output of 842 W. This
value represents the average power required during the operation to bring the three motors to steady-state
conditions. When all three motors were in the starting condition, Motor 1 received power (Pm1) of 847 W,
Motor 2 (Pm2) received 643 W, and Motor 3 (Pm3) received 440 W. It is noted that each motor consumes
200 W when operating in a steady state. Based on the 5-second test duration, Motor 1 reached steady state in
0.7 seconds, while Motor 2 and Motor 3 required 0.9 seconds and 1.25 seconds, respectively.

The next analysis focuses on the measurement results under an irradiance level of 900 W/m2. The power
generated by the PV (Ppv) was 765 W. During the 5-second test duration, all motor loads were able to reach the
steady-state condition. In this strategy, Motor 1 was set to consume 765 W of power, while the subsequent motor
loads consumed 562 W and 360 W, respectively. Each motor consumes 200 W when operating in a steady state.
The total time required for all motors to reach the steady-state condition was 3.3 seconds.

At the lowest irradiance level of 400 W/mz, the PV system was able to generate 200 W of power.
Under this condition, the system could only operate a single motor load. The system managed to regulate the
power consumption of Motor 1 during the starting state by supplying it with 200 W equivalent to the power
typically consumed in the steady-state condition. However, in this case, the power was controlled so that
Motor 1 consumed 200 W from the beginning of the starting state. As a result, Motor 1 was able to reach
steady state within 5 seconds.
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Table 1. PV power production at the maximum power point
Irradiance Inp(A)  Vip (V)  Pmp (W) Isc (A)  loc (V)

1000 7.35 116 852.6 7.8 145.2
900 6.62 115.6 765.7 7.0 1447
800 5.88 115.2 677.8 6.2 144.3
700 5.15 114.8 590.8 5.4 143.8
600 441 114.4 504 4.7 1434
500 3.68 114 4195 3.9 143.0
400 2.94 1135 333.7 3.1 142.5

Table 2. PV power production in a model of batteryless off-grid PV system with adaptive multi-motor load

Irradiance lpyv Vey  Iml Im2 Im3 Pm1 Pm2 Pm3 Ppv Tml Tm2 Tm3
(Wim?) (A) M A A (A (W) w) w) W) (s) () (©)
1000 747 1127 73 5.6 4 847 643 440 842 0.7 0.9 1.25
900 6.7 1134 6.8 49 3.2 761 562 360 760 0.8 1.0 15
800 598 1105 6.1 4.2 2.3 650 455 270 661 1 1.2 2
700 519 1015 53 3.4 1.7 500 310 150 527 14 1.8 na
600 4.85 80.0 48 31 0 380 200 0 390 2.4 2.6 na
500 35 68.6 4 2.2 0 200 180 0 240 3.7 na na
400 3.0 66.6 3.0 0 0 200 0 0 200 5 na na

As a comparison to the power production performance of the adaptive model developed in this
study, a test and analysis were also conducted on a PV system with fixed motor loads, as presented in
Table 3. In the 5-second test under an irradiance level of 1000 W/mz2, the PV system was only able to produce
298 W of power. This amount of power was insufficient to bring the motor loads to the steady state, causing
all motors to remain in the starting state throughout the entire test duration.

Since all three motor loads were connected in a fixed configuration and activated simultaneously,
the system effectively operated as a single large load. As a result, the current drawn exceeded the optimal
current at the PV’s maximum power point, and the power generated was significantly lower than the
maximum available power of 852 W under that irradiance level. This outcome demonstrates that the fixed
multi-motor approach is inefficient in utilizing the available power from the batteryless off-grid PV system.

As a reference, the PV power production data at various irradiance levels are presented in Table 1,
while the power output results for the adaptive model and the fixed configuration are shown in Tables 2 and
3, respectively. A comparison of these three scenarios is visualized in the graph in Figure 14(a). The graph
clearly illustrates that the adaptive model is capable of producing power that closely approaches the PV’s
maximum power point, whereas the fixed configuration consistently yields power well below the PV’s
optimal capacity. This highlights the superiority of the adaptive load control strategy in enhancing the
performance of batteryless PV systems.

At an irradiance level of 1000 W/mz2, the proposed system in this study operates very close to the
maximum power point. As the irradiance level decreases, the PV power output slightly deviates from the
maximum power point. This is due to the limited available power, which is only sufficient to operate a small
number of motors, making it increasingly difficult to control the load precisely to match the optimal
operating point. In comparison, without the adaptive model, the PV power output remains significantly low
and far from the maximum power point across all irradiance levels.

In the 5-second test, without the use of the adaptive load model, none of the motors were able to
reach the steady-state condition, despite steady state being essential for motors to operate normally.
In contrast, with the implementation of the adaptive model, the motors were able to reach operational
conditions more quickly compared to the fixed configuration, as illustrated in Figure 14(b). This figure shows
that under an irradiance level of 1000 W/m2, three motors successfully reached the steady state. Meanwhile,
at 400 W/mz, only one motor was able to achieve steady-state operation.

Table 3. PV power production in a static configuration

Irradiance lpv Vey  Iml Im2 Im3 Pm1l Pm2 Pm3 Ppv Tml Tm2 Tm3
(W/m?) AN M A A (A (W) (W) (W) (W) ©) ©) ©)
1000 7.7 387 26 2.6 2.6 99.3 99.3 99.3 298.1 na na na
900 7.0 352 23 2.3 2.3 82.2 82.2 82.2 246.8 na na na
800 6.2 320 20 20 20 66.3 66.3 66.3 199 na na na
700 5.4 287 18 18 18 51.7 51.7 51.7 155 na na na
600 45 257 15 15 15 38.7 38.7 38.7 116 na na na
500 3.9 121 13 13 13 275 275 275 82.4 na na na
400 3.0 179 1.0 1.0 1.0 17.9 17.9 17.9 53.9 na na na
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Figure 14. Comparison graphs: (a) comparison of power production and (b) motor performance in reaching
steady-state conditions

5. CONCLUSION

The batteryless off-grid PV system for motor loads represents an effort to supply flexible loads. In this
system, the performance of the motor load is adapted to the amount of electrical power that can be generated by
the PV. The main challenge lies in ensuring that the PV operates near its maximum power point, despite the
inherently inconsistent and nonlinear characteristics of motor loads. Voltage control alone, as part of the
maximum power point tracking process, is insufficient due to the load’s nonlinear behavior. Therefore, a
complementary load-side control strategy is required to appropriately manage the effective load value.

This study presents a model of a batteryless off-grid PV system with an adaptive multi-motor load.
The proposed model introduces a mechanism to control not only the voltage supplied to the motors but also
the effective load magnitude. This enables the PV system to consistently operate close to its maximum power
point (MPP) under varying levels of solar irradiance. The load control strategy is realized by decomposing a
single large motor load into multiple smaller motor units, which can be selectively and adaptively activated
to match the available power, thereby optimizing energy utilization from the PV system.

The testing and analysis of the developed model, conducted through MATLAB simulations,
demonstrated that the power output produced by the PV system closely approaches the maximum power
point (MPP). This was verified by comparing the generated power at each irradiance level with the
theoretical maximum power. The comparison was also extended to a conventional PV system without the
adaptive model, which utilizes a fixed load configuration. This can be observed from the measurement results
at an irradiance level of 1000 W/mz2, where the proposed model was able to produce 98.83% of the maximum
power point, while the conventional model achieved only 35.02%.

The model developed in this study has successfully enabled motor loads to operate by allowing the
motors to reach steady-state conditions more rapidly. From the tests conducted within a 5-second time span,
the proposed model was able to operate three motors in steady-state conditions, whereas the conventional
model failed to operate even a single motor. Therefore, the proposed model is highly suitable for batteryless
off-grid PV systems. The power generated by the PV can be effectively utilized in a short time through the
proposed system. This model can be adopted for various large-scale industrial applications that rely on
electric motors for tasks requiring unrestricted operation.
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