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ABSTRACT

This study examines the application of an isolated
LLC resonant DC–DC converter in a standalone solar
water pumping system (SWPS) and evaluates its per-
formance relative to a conventional boost converter-
based configuration. The proposed system incorporates
PV power-dependent speed reference generation, PI-
controlled DC-link voltage regulation, and scalar V/f
control of an induction motor to ensure stable operation
under fluctuating solar irradiance. A comprehensive
model of the system is developed in MATLAB/Simulink
and validated through real-time experimentation using
an OPAL-RT 4510 hardware-in-the-loop (HIL) platform.
The LLC converter is operated at a switching frequency
of 10 kHz, while the motor operating frequency is
adaptively varied between 0 and 50 Hz based on available
PV power. Comparative stage-wise power flow and
efficiency analyses are performed at irradiance levels of
1000, 500, and 300 W/m² for both converter topologies.
The results demonstrate effective motor speed regula-
tion without excessive current stress and confirm that
the LLC-based system achieves soft-switching operation
with an overall efficiency improvement of approximately
1–1.5% compared to the conventional boost converter.
Although the LLC topology entails increased circuit
complexity and component count, its reduced switching
losses, lower thermal stress, and improved conversion
efficiency highlight its suitability for high-performance
and reliable solar water pumping applications.

Keywords: Solar Water Pumping System (SWPS), LLC
Resonant Converter

1. INTRODUCTION
Solar Water Pumping Systems (SWPS) utilize solar

photovoltaic (PV) energy to drive electric water pumps,
providing a clean and fuel-free alternative to conven-
tional diesel- or grid-powered pumping solutions [1], [2].
Due to their decentralized nature and low operational
cost, SWPS have gained significant attention for agri-
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cultural irrigation and rural water supply applications
[3]–[5]. A typical PV-fed SWPS employs a DC–DC boost
converter (BC) or interleaved boost converter (IBC) with
Maximum Power Point Tracking (MPPT), followed by a
voltage-source inverter (VSI) to drive the motor [6]–[8].
Although boost converters are widely used because of
their simple structure and ease of control, their hard-
switching operation results in increased switching losses,
particularly at higher switching frequencies required for
improved motor performance [9].

Resonant DC–DC converter topologies have emerged
as promising alternatives for high-efficiency power con-
version applications, especially where reduced switching
losses and electromagnetic interference are desired [10].
Among these, the isolated LLC resonant converter offers
zero-voltage switching (ZVS) and zero-current switching
(ZCS), leading to lower losses, reduced device stress, and
improved efficiency [11]–[12]. While LLC converters
have been explored in PV-based systems [13], [14], [5],
their application in standalone PV-fed SWPS remains
limited due to design complexity, control challenges
under wide irradiance variation, and concerns regarding
cost and feasibility compared to conventional boost-
based solutions. Motivated by these challenges, this
paper investigates the feasibility and performance of an
isolated LLC resonant DC–DC converter for a standalone
PV-fed SWPS and presents a systematic comparison with
the conventional boost converter topology. The proposed
system is developed in MATLAB/Simulink and validated
using a real-time hardware-in-the-loop (HIL) platform to
assess both dynamic performance and energy-conversion
efficiency. The main contributions of this paper are
summarized as follows:

â A standalone solar water pumping system (SWPS)
based on an isolated LLC resonant DC–DC con-
verter is proposed and comparatively evaluated
against a conventional boost converter topology,
providing practical insights into efficiency im-
provement for PV-fed pumping applications.

â A systematic analytical design methodology for the
LLC resonant tank circuit is presented, addressing
wide PV input-voltage variations and pump load
requirements inherent to standalone SWPS.

â A unified control strategy is developed, integrating
MPPT-based speed reference generation, PI-based
DC-link voltage regulation, and V/f control of an
induction motor to ensure stable speed tracking
and safe current operation under varying solar
irradiance conditions.

â A detailed stage-wise power flow and efficiency
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analysis is conducted for both boost- and LLC-
based SWPS configurations at multiple irradiance
levels, enabling a fair and quantitative comparison
of converter-level and overall system efficiencies.

2. DESCRIPTION OF PROPOSED DESIGN

Figure 1(a) shows the proposed SWPS design, which
comprises five five main components: a Solar Panel
(SP), an LLC resonant converter with a High-Frequency
Inverter (HFI), a Diode Bridge Rectifier (DBR), a Volt-
age Source Inverter (VSI), and a motor; in our case
it’s an Induction Motor (IM). Figure 1 (b) shows the
conventional SWPS structure most common in industrial
practices and also discussed in many articles like [15-16]
for comparison. This configuration consists of a Solar
Panel (SP), (BC), (VSI), and (IM).

The proposed SWPS is designed to drive a 2-kW
induction motor (IM) for irrigation applications. The
PV array is rated to deliver sufficient DC power under
standard test conditions (STC) to meet the motor load
requirement. The array sizing is carried out considering
local irradiance conditions, derating factors, and a DC-
link voltage compatible with the resonant converter. The
specifications of SP and IM are provided in Table 1.

3. LLC RESONANT CONVERTER DESIGN

This section presents a step-by-step analytical design
of the LLC resonant converter, including load reflection,
resonant tank parameter selection, and gain analysis
under wide PV input variation. Figure 2 (a) shows the
LLC resonant converter topology [17]; this converter
takes DC as input and provides regulated DC voltage
at the output. Unlike other DC-DC converters, LLC
topology is highly efficient due to negligible switching
losses because of ZVS and ZCS operations at high
frequencies; it is fast and mostly preferred in battery
charging applications [18]-[19]. In this work, an LLC
topology has to be designed that takes DC input from
SP.The design should be such that the topology performs
well in wide input variations, as we know the irradiance
level may change depending upon the sun’s position.
The designing begins with the design of the tank circuit
shown in Figure 2 (b) as an equivalent circuit; it is the
reduced form of Figure 2 (a) formed by transferring the
input side of the system, i.e., the solar PV input, and the
output side, i.e., the motor with the pump load in the
middle. For this, the output power delivered to the motor
is converted into its equivalent resistance 𝑅𝑜 shown in
equation (1), which is then referred to the input side of
the inverter. This resistance is further transferred to the
input side of the DBR, where the resistance equivalent
becomes 𝑅𝑟𝑙, whose value is given in equation (4). This
is obtained by following the input-output relations of the
DBR circuit shown in equations (2-3).

𝑅𝑜 = 𝑉 2
𝑜

𝑃𝑜
= 𝑉𝑜

𝐼𝑜
(1)

𝑉𝑖 = 4 ⋅ 𝑉𝑜
𝜋 (2)

𝐼𝑖 = 𝜋 ⋅ 𝐼𝑜
2 (3)

𝑅𝑟𝑙 = 𝑉𝑖
𝐼𝑖

= 8 ⋅ 𝑉𝑜
𝜋2 ⋅ 𝐼𝑜

(4)

Further 𝑅𝑟𝑙 is transferred to the input side of the
transformer following the secondary to primary winding
resistance shifting rule, where the resistance equivalent
becomes 𝑅𝑒𝑓𝑓 expressed in equation (5), where 𝑛1 and
𝑛2 are the number of turns in the primary and secondary
sides of the transformer.

𝑅𝑒𝑓𝑓 = 8
𝜋2 ⋅ 𝑅𝐿 (

𝑛1
𝑛2 )

2
(5)

The input is a high-frequency sinusoidal signal given
as 𝑉𝑎𝑏 , and is generated from a full-bridge converter
operating at 10 kHz. Once the output and input across
the equivalent circuit are obtained, the parameters,
i.e., resonant inductance 𝐿𝑟, magnetizing inductance
𝐿𝑚 ,resonant capacitance 𝐶𝑟 and transformer design,
are obtained through these known input and output
parameters. Owing to the fact that lossless power
transmission can be done if the ratio of output to input
is unity, here 𝑉𝑝𝑞

Vab
is maintained to unity. The ratio of

output voltage 𝑉𝑝𝑞 to the input voltage 𝑉𝑎𝑏 can be derived
by solving the circuit in the Laplace domain; the final
obtained equation is given as (6).

𝑉𝑝𝑞
𝑉𝑎𝑏

= 8
𝑝2 ⋅ 𝑋𝐿𝑚

√(𝑋𝐿𝑟 + 𝑋𝐿𝑚 − 𝑋𝐶𝑟)
2+𝑅2

𝑒𝑓𝑓

(6)

The equation (6) consists of parameter information,
hence 𝑋𝐿𝑟, 𝑋𝐿𝑚, and 𝑋𝐶𝑟 are replaced with resonant
inductance 𝐿𝑟, magnetizing inductance 𝐿𝑚 and reso-
nant capacitance 𝐶𝑟 following equations (7-10) for the
resonant frequency operation 𝑓𝑟, in our case of a 4
kW application, resonant frequency is considered equal
to switching frequency, i.e., 10 kHz. The obtained
parameters are further replaced in terms of the frequency
ratio 𝜔𝑥, the inductance ratio 𝑚, and the quality factor
𝑄, utilizing equations (11–13) as the obtained unknown
parameters for the circuit are self 𝐿𝑟, 𝐿𝑚, and 𝐶𝑟.

𝑋𝐿𝑟 = 2𝜋𝑓𝑟 ⋅ 𝐿𝑟 (7)

𝐿𝑟 = 𝑅𝑒 ⋅ 𝑄
2𝜋𝑓𝑟

(8)

𝐿𝑚 = (𝑚 − 1) ⋅ 𝐿𝑟 (9)

𝐶𝑟=
1

𝐿𝑟 ⋅ (2𝜋𝑓𝑟)
2 (10)

𝜔𝑥 = 𝜔
𝜔0

(11)

𝑚 = 𝐿𝑟 + 𝐿𝑚
𝐿𝑟

(12)
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(a)

(b)

Fig. 1: SWPS system (a) with LLC (b) with BC.

Table 1: Key Specifications of Solar PV Array and Induction Motor.

𝑄 =
𝑋𝐿𝑟 − 𝑋𝐶𝑟

𝑅𝑒𝑓𝑓
(13)

The replacement in terms of 𝜔𝑥, 𝑚 and 𝑄 gives
equation (14).

𝑉𝑝𝑞
𝑉𝑎𝑏

= 8
𝑝2 ⋅ 𝜔2

𝑥 ⋅ (𝑚-1)

√(𝑚 ⋅ 𝜔2
𝑥-1)

2+𝑄2 ⋅ 𝜔2
𝑥 ⋅ (𝜔2

𝑥-1)
2 ⋅ (𝑚-1)2

(14)
For achieving the ratio of 𝑉𝑝𝑞

𝑉𝑎𝑏
as unity, iterative

analysis is performed for various quality factors 𝑄 and
values of 𝑚 using MATLAB script.

Finally, at 𝑚 = 7 and 𝑞 = 0.6, the curve
with yellow color shown in Figure 3 provides a unity
point. Therefore, for the 4-kW application, the resonant
tank circuit parameters, i.e., resonant inductance 𝐿𝑟,
magnetizing inductance 𝐿𝑚 ,resonant capacitance 𝐶𝑟 and
transformer are obtained, and in Table 2, the values of
these parameters are specified.

Table 2: Obtained LLC parameters.

4. LLC DRIVEN MOTOR CONTROL SETUP

In Figure 4, the control strategy for both the IGBTs
of the LLC resonant converter (S1–S4) and the voltage
source inverter (VSI, S_1–S_6) is illustrated. The primary
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(a)

(b)

Fig. 2: (a) LLC Topology (b) Reduced Equivalent circuit.

Fig. 3: Gain Vs frequency curve for m=7 at varying Q.

objective of this control scheme is twofold: to regulate
the motor speed according to the available solar pho-
tovoltaic (SP) power and to maintain a stable DC-link
voltage (𝑉𝑑𝑐).

The reference speed 𝜔𝑝𝑎𝑛𝑛𝑒𝑙𝑟𝑒𝑓 is first determined from
the available SP power 𝑃𝑃 𝑉 using the relation of equation
(15) [7].

𝜔𝑝𝑎𝑛𝑛𝑒𝑙𝑟𝑒𝑓 = 𝐾𝑝3√𝑃𝑃 𝑉 (15)

Here 𝐾𝑝 is the pump constant, which is determined
through the pump affinity law, i.e., torque is directly
proportional to the square of the speed; see equation (16).

𝑇 ∝ 𝑁2 (16)

Therefore,
𝐾𝑝 = 𝑇

𝑁2 (17)

The obtained reference speed 𝜔𝑝𝑎𝑛𝑛𝑒𝑙𝑟𝑒𝑓 is compared
with the actual motor speed 𝜔𝑎𝑐𝑡𝑢𝑎𝑙 (shown in light blue
in Figure 4), and the resulting error 𝑒𝜔(𝑡) shown in
equation (18) is processed by a PI controller to generate
the reference DC-link voltage 𝑉dc,ref required to achieve
the desired speed, mathematically shown in equation
(19), here 𝐾 (1)

𝑝 , and 𝐾 (1)
𝑖 are the proportional and integral

gains to achieve the desired response.

𝑒𝜔(𝑡) = 𝜔𝑝𝑎𝑛𝑛𝑒𝑙𝑟𝑒𝑓 − 𝜔𝑎𝑐𝑡𝑢𝑎𝑙 (18)

𝑉𝑑𝑐,𝑟𝑒𝑓 = 𝐾 (1)
𝑝 𝑒𝜔 (𝑡) +𝐾 (1)

𝑖 ∫
𝑡

0
𝑒𝜔 (𝜏) 𝑑𝜏 (19)

The reference DC-link voltage 𝑉𝑑𝑐,𝑟𝑒𝑓 is compared
with the measured DC-link voltage 𝑉𝑑𝑐,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 and the
error 𝑒𝑉 𝑑𝑐 shown in equation (20) is fed into a second PI
controller that generates the switching frequency 𝑓𝐿𝐿𝐶
for the LLC resonant converter mathematically shown
in equation (21) where 𝐾 (2)

𝑝 and 𝐾 (2)
𝑖 are the propor-

tional and integral gains of the second PI controller,
respectively. The proportional gains of both the PI
controllers are selected based on the ratio of output to
input responses, while integral gains are selected on a
trial-and-error basis.

𝑒𝑉 𝑑𝑐 = 𝑉𝑑𝑐,𝑟𝑒𝑓 − 𝑉𝑑𝑐,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (20)

𝑓𝐿𝐿𝐶 = 𝐾 (2)
𝑝 𝑒𝑉 𝑑𝑐(𝑡) + 𝐾 (2)

𝑖 ∫
𝑡

0
𝑒𝑉 𝑑𝑐(𝜏)𝑑𝜏 (21)

The generated switching frequency is multiplied by 2𝜋
and integrated to produce the position angle 𝜃. Using 𝜃
and equation (22), PWM pulses are derived for the LLC
switches (S1–S4).

𝑐(𝜃) = 0.5 (
2
𝜋 arcsin(sin 𝜃) +1) (22)

The equation (22) is a normalized control derived
from the sinusoidal input. The inner term arcsin (sinθ )
creates a piecewise-linear function that effectively maps
the sinusoidal variation into a triangular-like shape. By
scaling with 2

𝜋 , the output is normalized to the range
[−1, 1], and the subsequent shift and scaling with 0.5(⋅+1)
transform it into the range [0, 1]. This makes the function
suitable for modulation purposes, such as the generation
of a duty cycle for the resonant inverter control.

The same switching frequency signal 𝑓LLC is scaled by
the gain G (50/10 kHz) to obtain the angular frequency of
the motor. This angular frequency is integrated to obtain
the desired rotor position 𝜃p. The modulation index
M is then computed following equation (23). Finally,
using both M and 𝜃p, V/f control is implemented in the
motor drive following equation (⁇), here 𝜙𝑥 is the phase
difference angles for the three phases of the motor and
𝑣∗

𝑥 (𝑡) is the instantaneous phase voltages for the three
phases (x) ∈ a ,b , c.

𝑀=
2√2 V∗

phase,rms
Vdc

∗ 2πfc
100∗π (23)



EFFICIENCY EVALUATION OF BOOST AND LLC RESONANT CONVERTERS FOR SOLAR WATER PUMPING APPLICATIONS 5

Fig. 4: Proposed Control Scheme.

(a)

(b)

(c)

(d)

Fig. 5: MATLAB/Simulink implementation of the proposed SWPS: (a) overall system model, (b) reference speed estimation
(c) LLC full-bridge inverter control, and (d) induction motor V/f control.

𝑣*𝑥 (𝑡) =1
2 (1+𝑀sin (𝜃𝑝+𝜙𝑥) ) (24)

where 𝜙𝑥 ∈ {0, -120, 120}.

The constant Volt-per-Hertz (V/f) control is one of the
simplest scalar control strategies for induction motors,
where the supply voltage is adjusted proportionally with
the operating frequency to maintain a nearly constant air
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Fig. 6: Power and Voltage Profile at 1000 w/m2 and 500
w/m2(obtained using Data Inspector MATLAB.

gap flux. By preserving the ratio V/f, the motor avoids
saturation at low frequencies and ensures sufficient
torque capability across the speed range. Although this
method does not provide dynamic performance compara-
ble to vector control, it is widely used in applications such
as pumps, fans, and compressors due to its simplicity,
reliability, and ease of implementation.

The cascaded PI-based control structure ensures
smooth dynamic response by decoupling speed regula-
tion and DC-link voltage control. The outer speed loop
generates a reference DC-link voltage based on available
PV power, while the inner loop dynamically adjusts
the LLC switching frequency, ensuring fast disturbance
rejection under irradiance variations.

5. SIMULATION, EXPERIMENTAL SETUP AND
RESULT ANALYSIS

Figure 5 is showing 4 portions from 5 (a) to 5 (d); 5 (a)
shows the complete LLC-operated SWPS shown in Fig.
1 (a), developed in MATLAB Simulink; 5 (b) shows the
estimation process of reference speed as per available SP
power that generates DC link voltage reference through
the PI controller following equation (19). Following
equation (21), another PI controller generates 𝑓𝐿𝐿𝐶 , it
is shown when Figure 5 (b) ends at outport 1 (y), and
this outport 1 (y) is connected to inport 1 of Figure 5
(c) with 𝑓𝐿𝐿𝐶 generating PWM 1 and PWM 2 for LLC
converter operation. The outport 2 of Figure 5 (b) is
passed to inport 1 of Figure 5 (d) for speed control of IM
through v/f control strategy expressed in detail in the in
the explanation of equations (23) and (⁇), respectively.

Figure 6 shows photovoltaic (PV) power, Voltage
V𝑝𝑣 and DC link voltage 𝑉dc at two different solar
irradiance levels of 1000 W/m² and 500 W/m². For better
clarity and comparison, PV power and voltage profiles
are shown in the same graph using Data Inspector in
MATLAB/Simulink.

Although a dedicatedMPPT algorithm is not explicitly
implemented, the proposed control inherently ensures
maximum power extraction by regulating DC-link volt-
age and motor speed according to available PV power.

The voltage and power profile obtained through the
designed control setup of Figure 4 resembles the same
output as that tracked through maximum power point
tracking (MPPT) methods in boost converter designs.

Fig. 7: Speed Profile at 1000 w/m2 ,500 w/m2,300 w/m2.

(a)

(b)

Fig. 8: Three Phase motor current (a) at 1000 w/m2 (b) at
300 w/m2.

The close tracking of 𝑉𝑑𝑐 with 𝑉𝑝𝑣 confirms effective
DC-link control and stable power transfer from the PV
source under varying irradiance conditions through the
proposed topology.

Further, the motor performance can be analyzed
through speed tracking performance and the current
profile. At irradiances (W/m²) of 1000, 500, and 300, the
speed of IM is captured and shown in figure 7. Again, for
better clarity, the data inspector in MATLAB Simulink
is used to fully show the speed performance from start
to end of the simulation. No step response or slider
gain is used for better encountering motor inertia. It
can be seen in the results that the motor attains the
reference speed generated by the available solar power
in the developed topology for the irradiance of 1000,
500, and 300 W/m², respectively, without exceeding
the rated value of current; it rises slowly from zero
to maximum as irradiance settles. In Figure 8 (a)
and (b), the three-phase motor current profile from
the inverter to the motor at 1000 w/m2 and 300 w/m2

is shown. It can be observed that at 300 w/m2 the
ripples in the current are increased, resulting in increased
total harmonic distortion ; however, at 1000 w/m2 the
proposed topology worked very fine.

The experimental validation of obtained simulation
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Table 3: Stagewise Power statistics for Boost Converter Assisted SWPS.

Table 4: Stagewise Power statistics for LLC Converter Assisted SWPS.

(a)

(b)

Fig. 9: Green is voltage & orange is current in IGBT, blue
colour is steady state PV voltage Vpv, pink colour is DC link
voltage Vdc (a) at 1000 w/m2 (b) 500 w/m2 .

results, especially zero voltage switching (ZVS) and
zero current switching (ZCS) in IGBT switches of LLC
topology, DC bus voltage, and PV power for 1000
w/m2 and 500 w/m2 at steady state, is shown in Figure 9.
This validation is done through OPAL RT 4510, which is a
real-time, hardware-in-loop (HIL) setup shown in Figure
10.

In the OPAL-RT 4510 HIL setup, control algorithms
are executed in real time, while power-stage signals are
appropriately scaled to comply with hardware voltage
and current limits. The switching frequency handling

Fig. 10: OPAL -RT setup for HIL simulation.

and sampling time are selected to accurately emulate
high-frequency LLC operation while ensuring numerical
stability.

At this stage efficiency analysis of the two topolo-
gies is done, and results obtained of stagewise power
obtained for boost converter-assisted SWPS and LLC
topology-assisted SWPS are tabulated in tables 3 and 4,
respectively. For this, at each stage, output power, i.e.,
PV input power, LLC converter output power, inverter
output power, andmotor output power for three different
irradiances, is measured.

From the tabulated results, it is evident that both
topologies exhibit proportional variation of output power
with the available irradiance, as the PV input scales
linearly with solar insolation. However, the LLC-
assisted SWPS consistently demonstrates superior over-
all efficiency (≈ 87%) compared to the boost-converter-
assisted SWPS (≈ 85%), owing to reduced switching
losses enabled by the resonant operation. This efficiency
margin, though modest, translates to reduced thermal
stress, lower stage-wise losses, and improved utilization
of available solar power, particularly at higher irradiance
levels.

6. CONCLUSION

This work has presented a detailed comparative eval-
uation of boost- and LLC-resonant-converter-based solar
water pumping systems using simulation and real-time
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hardware-in-the-loop (HIL) validation. The developed
control strategy, combining PI-based DC-link regulation
with V/f induction motor drive, successfully enables
motor speed tracking in proportion to available solar
irradiance. TheHIL results confirm that the LLC resonant
converter achieves soft-switching operation and delivers
higher overall system efficiency (≈87.0%) compared to
the conventional boost converter (≈85.6%) across differ-
ent irradiance levels.

Although the boost topology remains attractive for
its simplicity, it suffers from increased switching losses
under high-frequency operation. In contrast, the LLC
topology offers reduced switching stress, lower power
losses, and improved utilization of available solar energy,
particularly under high irradiance conditions. While the
LLC-based SWPS involves a higher component count and
increased design complexity compared to the conven-
tional boost converter, its soft-switching characteristics,
reduced thermal stress, and enhanced efficiency make it
a promising solution for long-term, efficient, and reliable
solar water pumping applications.
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