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Abstract: Photovoltaic (PV) powered water pumping systems utilizing 

induction motors are becoming increasingly popular in different regions. 

The lack of storage devices in the system enhances its cost-efficiency. 

Efficient energy management is crucial for maintaining power balance 

within the system, and this can be achieved through the implementation of 

an effective control technique. A small signal analysis is performed to 

optimize the parameters of the controllers used in order to analyze the 

system. The dynamic behavior of the PV-based water pumping system, 

which is powered by an induction motor and regulated by a vector 

controller, is analyzed by converting its non-linear model into a linear 

model. The paper discusses the design of parameters for two PI controllers 

utilized to regulate the PV terminal voltage and motor speed, based on the 

transfer function derived from the linear model. The study also showcases 

the small signal function's reaction through MATLAB, with adjustments 

made to the reference dc-link voltage. Additionally, a comprehensive step-

by-step mathematical analysis is included to enhance the overall 

understanding and analysis of the system. 

Keywords: PV, Small Signal Analysis, Water Pumping System, Induction 

Motor Drive. 
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1. INTRODUCTION 

Rural electrification poses significant challenges in practical implementation. Many rural 

areas across the globe lack access to electricity through the main power grid, which 

hampers their development. However, the use of renewable energy sources for generating 

electricity can address this issue and also contribute to mitigating global warming. Among 

the various applications of standalone photovoltaic (PV) systems, water pumping plays a 

crucial role. To ensure optimal performance of the water pump, an efficient maximum 

power point tracker (MPPT) system is essential. In PV-fed water pumping systems (WPSs), 

under few kW pumps are commonly employed to lift water from underground sources for 

small-scale and drip irrigations, and household needs. While a PV-powered WPS with a DC 

motor is already operational, it is associated with high maintenance and costs. Therefore, 

considering an induction motor (IM) for powering WPSs could be a viable alternative. 

Solar irradiation is the primary source of power for PV panels, which in turn generate 

discharged water in the WPS. To optimize power generation, the voltage across the PV 

panel must be adjusted based on the reference signal (Vref or V*dc) provided by the 

perturb and observe (P&O) algorithm. Sun irradiation plays a significant role in this 

process. Additionally, the volume of water sprayed is influenced by the overall head and 

speed of the IM. A closed loop control is crucial for efficient management of the power 

generated by the PV system and consumed by the IM. In this study, a vector controller is 

employed to drive an IM connected directly to a water pump. In some cases, the pumping 

head (H) can be considered an additional input variable, representing the motor's torque. 

The power required by the motor is influenced by factors such as the load, excitation 

voltage, and frequency. Vector control is particularly beneficial for pumping applications as 

it helps reduce torque ripples compared to v/f control. Centrifugal pumps are commonly 

utilized in agricultural settings. 

The elimination of batteries in the design of a PV based WPS can lead to cost savings and 

eliminate the need for maintenance. To avoid the use of an additional converter for the PV 

system's MPPT, the inverter itself is utilized to regulate the dc-link voltage, which is 

achieved through the P&O algorithm and inverter control. Consequently, a separate dc-dc 

converter is not required for MPPT. Centrifugal pumps are widely employed in agriculture. 

The aim of this research is to produce advantages for appropriate PI controllers and to carry 

out small signal analysis. 

The proposed system, as shown in Figure 1, comprises of a PV, inverter, pump, and IMs. 

This study focuses on the analysis of a small signal for an efficient IM control in order to 

regulate a WPS that is powered by PV. 
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Fig. 1: IM driven WPS fed by PV. 
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2. PUMPING PROCESS 

PV-powered water pumping equipment is a common feature in distributed energy systems. 

To supply the necessary alternating current to the induction motor (IM), a three-phase 

inverter is essential. In this study, the vector controller is employed to generate the 

appropriate gate-signals for the 3-phase inverter. The IM is directly connected to a 

centrifugal pump, which draws water from underground and delivers it to the outlet. The 

vector control method effectively separates the torque and flux controls, ensuring efficient 

electricity consumption by the motor. The market offers a wide variety of motor-pump sets 

suitable of WPSs. For lifting water from depths exceeding 400 feet, typically utilize IMs 

coupled centrifugal pumps. In PV shallow water pumping applications with low head 

requirements, single-stage centrifugal pumps are more commonly used compared to other 

type of pumps [8].  

 

Centrifugal pumps achieve optimal performance when the head and flow rate are aligned 

with a curve corresponding to the motor's designated speeds. The speed of the engine 

directly influences the rate at which water is flows. Moreover, the relationship between the 

speed's square and cube and the head and hydraulic power is inversely proportional. A 

minimum cutoff speed is required in order to start the water discharge from the outlet. 

When the pump surpasses a certain threshold or base value (t) in terms of speed, the flow 

rate of water (Q, liter/min) changes proportionally with the speed, as shown in equation (1) 

and determined through curve fitting [9]. 

Q = 0, if ω < ωt. and Q = aω-b, if ω ≥ ωt 

3. IM SPEED CONTROL  

Reference frequency of the motor (F*) in the projected control system is determined using a 

proportional plus integral (PI-1) approach, based on the difference between Vdc and Vmpp 

or Vref. The reference speed (ω*) is calculated by multiplying F* by 120/P (where P 

represents the number of poles of the IM). As shown in Figure 2, a limiter is applied to 

limit the ω* produced by the PI-1 controller to limit the speed within a specified range. The 

input signal for vector control is the allowed speed (constrained by the limiter), and vector 

control generates the signals to S1-S6 for the inverter. Fmax denotes the highest permissible 

frequency, which corresponds to the utmost attainable speed. 
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Fig. 2: Proposed Speed control of motor. 
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4. SMALL SIGNAL MODELING 

Due to the close proximity of generators and load within a system, the analysis of 

oscillations, transient stability, and voltage stability typically requires the inclusion of load 

dynamics in the modeling process [10]. Pump motors, in particular, consume a significant 

portion of the total power output from generators, typically ranging between 60% and 70%, 

due to their inherent inefficiencies. Consequently, the dynamic characteristics of system 

loads, specifically those associated with motors, play a crucial role in the overall system 

dynamics [11]. Numerous research studies have been conducted to investigate the stability 

of IMs [12, 13]. With recent advancements in this field, power electronic devices have 

become feasible, thanks to the widespread adoption of variable speed drives in various 

applications and the ability of inverters to modify the voltage at dc-link. 

 

This research considers the mathematical modeling of an IM based on the synchronous 

reference frame. In a previous study [14], the state space model of the IM driving included 

the dynamic equations of dc-link voltage and currents. In [15], the authors conducted a 

study on the stability of an open loop Voltage/Frequency control for driving an IM using an 

inverter, and they also examined the influence of feedback. The stability of 

Voltage/Frequency control under dc voltage management was analyzed. In [16], the authors 

investigated how different parameters of the induction motor affect system stability. They 

also explored the impact of incorporating DC voltage as a coefficient of dq based current 

components in the stator current equation, considering solar and inverter irradiation 

fluctuations. Prior to discussing the tiny signal model, the non-linear model is presented in 

detail. 

 

1) The proposed system's nonlinear model: 

A) DC-link voltage control modeling: 

The dynamic behavior of the dc-link voltage (Vdc) is illustrated in the table provided. This 

voltage is achieved through the current balancing mechanism of a capacitor. 

  dt
C

IIV PVINdc

1
)(         (1) 

Where IPV represents the PV-current and IIN represents the current. 

dc

out
IN

V

P
I                (2) 

Consider that the system is completely efficient. 

eo TP                (3) 

Here, ω and Te are the speed and torque of the motor. 
 

)(
22

3
dsqrqsdrme iiiiL

p
T            (4) 

  dtTT
J

p
Le )(

1

2
            (5) 

m

ds
L

i
*

                (6) 
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
en

qs

T
i                 (7) 

22( qd                (8) 

Where dslsdrdsmd iLiiL  )(  & qslsqrqsmq iLiiL  )(  

B) Non-linear approach of PV panels: 

Output current of PV is  

s

PVd
PV

R

VV
I


               (9) 
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t

d
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d eII              (10) 

*G
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GI sc
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By (1-11), the block diagram of the proposed system's nonlinear model can be produced, as 

illustrated in Fig 3.. 

Gdc(s) and Gac(s) are controllers of dc-link and ac.  
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Fig. 3: Non-linear model. 

 

2) Linear model: 

In this study, basic mathematical equations are employed to attain the stability of a small 

signal in an inverter-controlled IM. The proposed model for water pumping is evaluated for 

stability analysis in a closed loop using a non-linear model depicted in Figure 3, which 

replicates the system shown in Figure 1. 

 

A) Control of voltage at DC-Link and Vector Control. 

The proposed system's miniature signal model, as illustrated in Figure 1, is obtained 

through the linearization of the entire model using differential equations. The linearization 

technique employed is based on the Taylor series expansion. The control system portrayed 

in Figure 3 is nonlinear, exhibiting a connection between the vector and dc-link voltage 

control loop. In normal operations, fluctuations in the voltage at dc-link as well as the 

current component of a quadrature axis (iqs) can be utilized to construct the small signal 

model. In the proposed control method, the reference current for the direct axis component 
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of current (ids) is kept constant for the purpose of simplification. The equations given below 

are employed to produce the small signal model. 

ΔVdc can obtain by following equation: 

dcPVIN VdtII
C

 )(
1

 

Here, IIN is computed using equations, hence, 
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From the Figure 3: 

)()( ** sGVVN dcdcdc   

Hence, 

1

*

1

* )( PIVVkN dcdc   

The following equations are used to calculate
 
N* from the given equations:

 

PIVVkN dcdc  )( *

1

*
           (13) 

From eq-7, Δiqs can be developed as:
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From eq-4, ΔTe can be developed as:
 

)(
22

3
00 dsqrdrqsdrme iiiiqsiiL

p
T      (15) 

)()( * NNsGTen ac   

)( *

2 NNPIkTen   

Then ΔTen is obtained as: 

2

* )( PINNkTen           (16) 

 sincos qsdsdr iii   

Δidr is: 

qsdsqsdr iiii  0000 sin)sincos(      (17) 

qsqsdsqr iiii  0000 cos)sincos(       (18) 

Where, 
22

0 dsqs

qsds

ii

ii




  

The following equations represent the small signal method of the quadrature and direct axis 

components of flux. 
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drmd iL               (19) 

)( qrqsmqslsq iiLiL          (20) 

Thus, 

)(
1

00

0

qsqsdsds 


         (21) 

Then
 

  dtTT
J

p
Le )(

1

2
         (22) 

000  ee TTP            (23) 

 

B)Small signal procedure: 
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Figure 4 constructed by using above basic equations:  
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Fig. 4: Proposed method’s linearized model. 

 

5. DESIGN OF CONTROLLERS 

The inner loop of the voltage/speed control of the IM is depicted in Fig. 4. This loop 

incorporates a PI2 controller and is illustrated in Fig. 5. 
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Fig. 5: Control loop for speed. 

 

Thus, Figure 6 is derived from Figure 5. . 
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Equations 29 and 30 can be compared to determine the decoupling between the inner and 

outer loops. It is recommended that the inner loop is designed to operate at a faster pace 

than the outer loop. The same objective can be achieved by following the approach 

demonstrated below. 

)(
2

2

2

1  
p

i

i
K

K
KK           (31) 

 
2

2
2
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i
p

K

K
KK       `

   (32) 

For fast response systems, the outer loop can be depicted in Figure 7. 
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Fig. 7: outer loop. 
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Here, K
11

, a1, b2 and b3 are constants. 

6. ANALYSIS AND RESULTS 

The parameters of the IM and PV unit are obtained from references [16-21]. In Figure 8, 

the response of the voltage at dc-link is illustrated for a 20% variation in irradiance (at 

t=2.50sec.) for both the real model (Figure 1) and the linear model (Figure 4). 
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Fig. 8: Voltage at dc-link. 
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A small signal based transfer function is given by equation 35, and response of function for 

a step change at t=1.0sec.(increased) and t=1.25(decreased) sec. is shown in Figure 9. 
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Where, b11, b12, b13, b21, b22, b23, b24, b31, b32, b33, d11, d12, d13, d14, d21, d22, d23, d24, d31, d32, 

d33, d34, d35 and d36 are constants. 

The occurrence of equation 35's reaction becomes apparent as the sun's irradiation is 

diminished by 250% at t=3.0 sec and amplified by 250% at t=4.0 sec. Figure 10 illustrates 

the resultant change in nominal DC link voltage. The adjustments are constrained, and the 

system possesses the capability to regain its functionality despite this significant alteration. 
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Fig. 10: Voltage response at dc-link. 
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7. CONCLUSIONS 

A vector control technique is utilized in constructing a PV-operated WPS that operates 

independently without any batteries or storage system in this research. To enhance its 

responsiveness in the face of disturbances, a small signal analysis is conducted on the 

proposed approach. The responses of both the linearized and actual systems coincide, 

indicating that the transfer function can effectively depict the dynamic behavior of the 

model. The controller parameters are determined based on a conservative signal transfer 

function to ensure the desired system stability. 
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