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ABSTRACT 
  The transient behavior of the Pump as Turbine 

(PAT) coupled to Self-Excited Induction Generators 
(SEIGs) under variable load conditions is one of the 
critical aspects in small-scale hydro generation systems. 
This paper investigates the behavior of the PAT-SEIG 
system during load variations and explores the impact of 
transient phenomena on system performance. 
Simulation studies are conducted using 
MATLAB/SIMULINK and the effects of various loading 
conditions are investigated and the results are analyzed 
and discussed. The research findings contribute to a 
deeper understanding of the transient behavior of PAT-
SEIG operating under variable load conditions. The study 
offers valuable insights for optimizing the performance 
and stability of PAT-SEIG system applied in small-scale 
stand-alone hydropower systems. 
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1. INTRODUCTION 
Energy remains one of the critical economic and 

development challenges facing the world today. It is 
reported that about 1.06 billion people, which is about 
13% of the population living in rural areas, still have no 
access to electricity. Access to clean, reliable, and 
affordable electricity transforms the quality of life 

including access to basic services like health and 
education [1].  

 The use of pumps working in reverse as a turbine 
(PAT) coupled with a self-excited induction generator 
(SEIG) has gained much focus in recent years. It is a way 
of increasing electricity access in rural and hard-to-reach 
areas that cannot be connected to the grid [2].  
PAT has been explored in Europe and other Asian 
countries as an energy recovery strategy applied in water 
distribution networks with a focus on isolated 
hydropower systems [3]–[5]. 

PATs and SEIGs play a crucial role in harnessing the 
kinetic energy of water flow into electrical energy. In 
addition, PAT-SEIGs are a cost-effective option for 
replacing conventional turbines in small-scale 
hydropower generation in isolated areas away from 
main electricity grid. Conventional turbines are site-
specific and hence expensive to manufacture [6], [7]. 
These conventional turbines also require extensive 
infrastructure, making them unsuitable for small-scale 
applications. On the other hand, SEIGs do not require an 
excitation, making them suitable for applications in 
remote or off-grid areas. The PAT-SEIG output voltage 
and frequency are influenced by rotational speed, load 
resistance, excitation capacitance, and load variations 
[8], [9].  

The performance of the PAT-SEIG is very critical as we 
require the machine to operate at the best efficiency 
points. This helps to harness maximum power from the 
site. The available challenge is that the pump and 
induction machine has been researched in isolation, 
independent of the other. This brings the challenge when 
evaluating the overall efficiency of the system. From the 
literature, the efficiencies of the PAT and SEIG lie at 
different points [10], [11]. It is imperative that careful 
matching is done when selecting a pump and generator 
to be applied at a particular site. 
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This study investigates the operating behavior of the 
PAT-SEIG system when supplying power to a variable 
load through simulation in MATLAB/SIMULINK. The focus 
is on the starting characteristics and the variations in 
voltage and frequency when the load varies with changes 
in head. 

2. MATERIALS AND METHODS   
To study the behavior of the PAT-SEIG, a SIMULINK 

model was built as indicated in Figure 1 for PAT and 
Figure 2 for SEIG.  

 
Figure 1: PAT Simulink model 

The pump working in reverse was modeled in 
SIMULINK using the experimental results obtained from 
testing the pump at the Waterpower laboratory NTNU in 
Norway [12]. The pump specifications at BEP are shown 
in Table 1. 

 
Table 1: Pump and Turbine specifications 

FG32/160B Pump mode 

Head (m) 6.2 

Flowrate (m3/hr) 8.7 

Efficiency (%) 55 

Specific speed (Ns) 27.6 

Speed (N) 1450 

 
Through the experiment, head vs flow rate 

characteristics were obtained and through regression, a 
polynomial approximation of the PAT was obtained and 
implemented as shown in Figure 1.  

The model for a 3-phase SEIG feeding a three-phase 
load shown in Figure 2, is based on 3-MOT 7AA90L04, 
1.5kW, 4 poles, 1500rpm induction motor model. The 
impedance data was entered into the asynchronous 
machine block and the magnetization characteristic for 
the block was updated with the experimental data. 

When head which is an input to the PAT is adjusted, a 
system flow rate is calculated, followed by the 
calculation of the available power to the SEIG. Depending 

on the speed of the SEIG, the torque input to the 
generator is calculated. The generator is excited by a 
50µF capacitor and is used to supply a variable resistive 
load. 

 

 
Figure 2: SEIG Simulink model 

To investigate the transient and steady-state 
characteristics, the model was subjected to a varying 
head (8𝑚 ≤ 𝐻 ≤ 20𝑚)  and variable load (70Ω ≤
𝑅𝐿 ≤ 300Ω) while the excitation capacitance was kept 
constant at 50µF.   

3. RESULTS AND DISCUSSION 
The presentation of results is divided into two sections, 
first section looks at the starting characteristics and the 
transient of the generator to changes in head. The 
second section discusses the steady state characteristics.  

To ensure the accuracy of the PAT coupled to the SEIG 
model, a comparison was made of its output to 
experimental data. Furthermore, the model results were 
compared with those of other researchers. We observed 
similar trends in the SEIG model's performance to the 
findings of other researchers [10], [11], [13] .  

3.1 Transient characteristics 
The model was run at a low head of 8m while the load 

resistance was varied between 80Ω and 300Ω. For low 
values of head, the generated voltage does not reach a 
steady state for all loads. Figure 3 indicates the speed 
and voltage swings that decay with respect to time for H 
= 8m, Q = 9.629m3/s, and Pt = 755.7W. 
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Figure 3: Starting characteristics at low head low 
resistance 

The unstable response of the system is attributed to 
the low available power to drive the induction generator 
by the PAT and was overcome by increasing the head. 
Secondly, the head for the PAT was increased to 20m and 
the load was varied as in the previous setting. The results 
are shown in Figure 4.  There is a developed torque 
ripple in the machine. This is caused by the 
overexcitation of the machine resulting in saturation of 
the core. The torque ripple will affect the control of the 
machine and the long-term performance of the 
generator [14].  

 
Figure 4: Starting characteristics at high head low 
resistance 

Through a thorough investigation, the SEIG can 
accommodate a head between 10m and 14m for safe 
operation of the machine connected to a load range 
between 80Ω and 240Ω without generating torque 
ripples. The speed and hence frequency is constant for a 
particular load regardless of the change in input power.  

With a high head, the available power was above the 
rating of the generator hence causing over-saturation of 
the core which results in pulsating of the torque and 
speed of the generator.  

3.2 Steady-state characteristics 
The simulation investigating how head affects voltage 

and frequency was conducted on the model. Head was 
adjusted from 8m to 20m and the flow rate, voltage, and 
frequency values were recorded when the system 
reached a steady state.  

 
Figure 5:  Variation of head versus voltage 

Figure 5 shows a plot of the variation of head vs phase 
voltage. It is observed that voltage is directly 
proportional to head. Any increase in head results in an 
increase in voltage, and the machine produces a voltage 
of 240V with a head of 13.4m which falls within the safe 
operating zone to avoid torque ripple. 

4. CONCLUSIONS 
This study has explored and discussed the transient 

behavior of the PAT-SEIG operating at different heads 
has been explored through simulation. The PAT can only 
be run in reverse from a certain range of heads. The SEIG 
can also handle loads within the saturation range. In 
conclusion, understanding the dynamic behavior and 
control strategies of SEIGs is crucial for optimizing their 
performance and stability under different load 
conditions. Therefore, since the efficiencies of the PAT 
and the SEIG are not coincident hence careful 
consideration must be made when selecting a pump for 
a particular site.  
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