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ABSTRACT

With the rapid increase in energy consumption, the demand for small hydro power plants (SHPs) is increasing. The impact of these plants is significant, due 
to their low environmental damage, low execution cost, and minimum management cost. Moreover, in rural areas, they can also be used to facilitate drinking 
water and irrigation systems. This study considers a small hydro power plant (SHP) including a turbine with a permanent magnet synchronous generator (PMSG) 
attached to the DC microgrid through a voltage source converter (VSC) model. In this paper, a sliding mode controller is proposed to minimize the steady state 
errors and stabilization problems in an SHP-based DC microgrid. The asymptotic convergence of the proposed controller is analyzed using the Lyapunov stability 
theorem. Based on the Lyapunov stability theorem, the control law derives to ensure the asymptotic convergence to effectively minimize the steady state errors 
and improve the closed-loop system stabilization. The proposed control law also guarantees stable operation in a short limited time. As results, the proposed 
controller confirms speedy convergence of steady state error dynamics with negligible oscillations and reduces the limitation of chattering notably, without any 
loss in control accuracy. The simulation results illustrate the robustness of the proposed controller when subjected to disturbances and system nonlinearities.

Index Terms—Microgrid, permanent magnet synchronous generator (PMSG), sliding mode controller (SMC), small hydro power plant (SHP), voltage source 
converter (VSC).

I. INTRODUCTION
A microgrid is tiny part of the power distribution system, having com-
ponents like energy storage devices alongside the distributed gen-
erator, and controllable loads which allow increase to a competent 
energy system. A microgrid as seen from the utility grid perspective 
is similar to a generator because it is capable of comfortably dis-
connecting and operating independently after a fault occurs in the 
main grid [1]. Microgrids attract end users closer to the source gen-
erating electricity from distributed energy resources (DERs). These 
microgrids can work in dual mode, that is, the. islanded mode and 
the grid-connected mode. In case of any fault, a microgrid can be dis-
connected from the main grid. As the generation sources are distrib-
uted, it can easily work in the islanded mode. Environmental effects, 
the status of fossil fuels, and economic interest are the three major 
grounds for the growing awareness toward renewable resources 
as well as local generation. In the past few years, the evolution of 
renewable assets in electrical networks is expanding beyond the 
existing boundaries [2].

The transformation from the use of fossil fuels to sustainable energy 
resources as power originators in large industries is a major plan of 
action in reducing the effects of climate change. The carbon foot-
print on the earth is connected to the history of the huge demand 
for diesel products, electric power, and water. Moreover, consider-
ing their specific power demand, the merger of microgrids with cen-
tral grid controls in the grading of mining industries is an emerging 
matter [3].

The microgrid can work both with alternating current (AC) and 
direct current (DC). The arrangement of the DC system has certain 
benefits, such as minimizing losses and ease of amalgamation with 
measures of energy storage, due to which there is a sudden surge 
in the use of DC microgrids in recent times [4]. Digitalization and 
the enthusiastic emergence of new ideas offer the thrilling possibili-
ties of a microgrid transactive power system at the disposal level, 
to bring down transmission losses, reduce infrastructure costs of 
electrical systems, upgrade credibility, and amplify local energy 
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usage, leading to reduction of electricity bills at the consumer 
end. Transaction energy, with essential factors such as demand 
response, distribution of energy resources, the local market for 
energy, and distributed records of technologies for exposure of 
dispersed can be framed as a smart grid system [5]. Over the past 
decade, there has been significant increase in awareness regard-
ing the DC microgrid, as it has shown huge dominance over the AC 
microgrid in terms of control simplicity, regulation, dependability, 
ease of integration to renewable energy sources, and DC load con-
nection. However, apart from these numerous benefits, the plotting 
and execution of a suitable protection system for DC microgrid resi-
due is a remarkable challenge [6].

The combination of distributed energy resources is possible with 
many platforms, most significantly with the microgrid. However, 
because of some issues with the blueprint and the absence of 
machineries, the microgrid is still developing into a wide-ranging 
and commercialized mix of systems to be integrated with existing 
electrical systems. There are many challenges concerning irregular 
values of renewable energy resources (RERs) [7]. The distributed 
energy resources (DERs) can drive the complex approach of the 
microgrid operating successfully in an islanded mode, by sincerely 
controlling it. In the central grid mode, the arrangement requires 
none or close to zero frequency as well as voltage variations in 
the middle of the grid and the microgrid project. The options of 
enhancing the harmonization of power flow into the microgrid 
structure can be controlled by smart grid technologies in a real-
time scenario [8].

Flowing water has a kinetic energy which gives rise to mechanical 
and electrical energy in the hydropower grid system. The flowing 
water rotates the hydro turbine and then returns to the water bod-
ies for other uses. The high efficiency (about 60–80%), long life span 
of the equipment, and absence of pollution or greenhouse gas emis-
sion, with low operating cost and maintenance cost are some of the 
major benefits of the hydropower grid system [9]. The installed 
power capacities of hydro power plants are distinguished as: pico 
hydro plants (less than 5 kW), micro hydro plants (5 kW to 100 kW), 
mini hydro plants (100 kW to 1000 kW), small-scale hydro plants 
(less than 10 MW), medium-scale hydro plants (10 MW to 100 MW), 
and large-scale hydro plants (over 100 MW capacity) [10]. The lead-
ing method suitable for generating renewable energy is nothing 
but a small hydropower plant. It is designed to work with low head 
and flow to drive the hydro turbine, which can be satisfied by a run 
of river type [11]. The basic components of a small hydro power 
plant (SHP) are the reservoir, penstock, forebay, intake structure, 
hydraulic turbine, surge chamber, speed governor, and an electrical 
generator [12, 13].

The SHP can overcome the problem of instability in power gener-
ation and can predict the future production of power. In terms of 
environmental impact, the SHP has low impact in comparison to 
photovoltaic power, wind power, and other DERs. The behavior of 
the SHP is completely nonlinear, and it can be integrated with the 
utility grid to regulate power flow effectively. For effective control, 

several controllers are developed [10-13] for the linearized state-
space SHP model, which do not consider the nonlinear dynamics of 
the SHP.

The sliding mode controller (SMC) is based on the discontinuous 
control law, which is known to be logical, to overcome many prob-
lems of robust stability [14-17]. The SMC offers control for a class 
under actuated systems, which can be seen in a cascade form with 
external disturbances. The SMC controller will force the motion of 
state trajectories toward the sliding surface with an exponential 
approach, enabling the handling of system disturbances and non-
linearities [15]. 

Due to the nonlinear nature of the SHP and the permanent magnet 
synchronous generator (PMSG), power flow regulation is a formi-
dable task. Hence, a nonlinear control strategy is the most feasible 
and capable in regulating power flow within the permissible sta-
bility limit. Thus, the present study contributes the following: 1) a 
nonlinear model of both SHP and PMSG with VSC is considered to 
minimize steady state errors and achieve faster stabilization using 
the nonlinear sliding mode control technique; 2) the proposed SMC 
is used to effectively stabilize nonlinear dynamics with passivity-
based desired equilibrium points; 3) based on the Lyapunov sta-
bility theorem, the control law derives to ensure the asymptotic 
convergence on equilibrium points to minimize the steady state 
errors and improve the closed-loop system stabilization; and 4) as 
results, the proposed controller ensures speedy convergence of 
steady state error dynamics with negligible oscillations and reduces 
the limitation of chattering notably, without any loss in nonlinear 
control accuracy.

This paper is organized as follows: The nonlinear state-space 
models of SHP and PMSG are reviewed in Section 2. The slid-
ing mode control-based control strategy is derived, followed 
by a  discussion of Lyapunov’s stability convergence analysis in 
Section 3. The simulation results and demonstrations of the pro-
posed control strategy on SHP and PMSG-based DC microgrid 
are illustrated in the Section 4, followed by concluding remarks 
drawn in Section 5.

II. PORTABLE HYDRO POWER PLANT DESCRIPTION
The energy of falling water generates electricity with the use of an 
SHP [18, 19]. It produces no gloomy effect on the regional stream, 
leading to a simple reroute of the volume of accessible water, and 
then returns the water to the stream. Since the stream flows con-
tinuously day and night, less battery stock is required in the SHP as 
compared to other technologies. Despite the stream being far away, 
it is feasible, as these large distances can be overshadowed by high 
voltage generators [20]. The periodical stream offers sizable perfor-
mance using a design combining a hybrid solar and water system. 
It is always important to study and review the proposed location to 
check the availability and amount of hydropower present. The com-
ponents of the SHP are a turbine, a PMSG, and a VSC connected to a 
DC microgrid. Water is considered to be a renewable energy source, 
as shown in Fig. 1 [19-21].
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A. Hydraulic Turbine Dynamics
The hydraulic turbine is considered to be the main component of the 
SHP and is also known as the prime mover because of the fact that 
it converts the kinetic energy of descending water into rotational 
mechanical energy, eventually generating electrical energy with the 
use of generators that are attached to the turbines [22]. The tur-
bine is made up of rows of blades that are connected on a rotating 
shaft or a plate which rotates due to the collision when the water 
(with velocity and pressure variations) strikes the blades. The model 
of the hydraulic turbine includes the dynamics of penstock, tunnel, 
servomotor, and head losses [23]. As in Newton’s law, the change in 
momentum results in generation of a force which is directly propor-
tional to the change which can occur on fluids also. By applying this 
law, the dynamic model of a tunnel is obtained, resulting from the 
change of water momentum on the penstock and pressure at the 
head of the tunnel [19]:

	 T
dq
dt

h k qw f� � �1 2 	  (1)

	 h
q
y

�
�

�
�

�

�
�
2

	  (2)

A servomotor can be considered, which works to achieve rotational 
or linear motion that is directly proportional to the supplied com-
mand signal. In this paper, the servomotor is used to control the 
flow of water by managing the rotational motion of the spear valve. 
The spear valve operated by the servomotor is positioned below the 
penstock and manages the flow of water into the turbine [24]. The 
general model of the servomotor can be depicted as:

	 T
dy
dt

u yy � � 	  (3)

The motion of the turbine is transferred into mechanical power 
and calculated by the multiplication of the water flow and the pres-
sure head. Since everything has certain losses, this equation also 
includes turbine losses which can be taken into account by subtract-
ing between no-load flow and actual flow, in which the no-load flow 
is decided by a rated head in the SHP. The per unit turbine power is 
determined as

	 P A h q qm t nl� �� � 	  (4)

The pneumatic turbine blades are maintained against the stream 
of water, which interchanges its momentum. As the momentum is 
exchanged, a resulting force is generated, leading to the rotation of 
the turbine.

In (1) to (4), the terms Tw, Ty, h, q, qnl, y, kf, u and At are described as 
the time constant of water, time constant of the servomotor, hydrau-
lic head, normalized flow on the penstock, the no-load flow rate of 
the hydro turbine, gate position, friction losses, input control, and 
constant of proportionality, respectively.

B. Permanent Magnet Synchronous Generator Dynamics
An alternator is used, similar to a PMSG, which provides the constant 
excitation field by using a permanent magnet in place of a coil [25]. 
Here, the rotor and the magnetic field revolve at the same speed. 
This differs from a normal generator, leading to a voltage drop with-
out an option to regulate when the generator is charged. Therefore, 
the PMSG converts the mechanical energy obtained from the 
hydraulic turbine into electrical power, as represented in Fig. 2. To 
connect the PMSG to a DC microgrid, a VSC is used [26]. The VSC 
is basically a converter that produces AC voltage from DC voltage, 
and can be called an inverter, with the ability to transfer power in 
any direction. The VSC has certain features which enable control of 
the phase angle, the magnitude, and the frequency of the output 
voltage [27]. The VSC comprises six insulated-gate bipolar transistors 
(IGBTs) [19].

The reference frame comprising the dynamic model of PMSG is 
determined [19] as:

	 L
di

dt
R i L w i vg

dg
g dg g m dg d� � � � 	  (5)

	 L
di

dt
R i L w i w vg

qg
g qg g m dg m q� � � � �� 	  (6)

	 M
dw

dt
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m e� � 	  (7)
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Fig. 1. Representation of an SHP.
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The output voltage of PMSG is given in (10):

	 v m vdq dq dc= 	  (10)

where mdq𝜀[–1,1] is the modulation index and the terms in (5) to (10), 
that is, Tm, Te, R, L, vdc, idq, vdq, wm, ψ, and M are the mechanical torque, 
electrical torque, PMSG stator winding resistance, PMSG stator wind-
ing inductance, DC link voltage, PMSG output current, PMSG output 
voltage, rotor speed, permanent magnetic flux produced by the rotor 
magnets, and moment of inertia of the hydro turbine respectively.

III. CONTROL METHODOLOGY
The SMC has many advantages due to its simplicity and robust-
ness in case of definite unpredictability and disturbances, which 
are well recognized, but also has a few limitations like chattering 
and brutalness of control forces, which are also well known [28]. 
To overcome these limitations, certain procedures can be followed, 
like the computational intelligence technique, neural network, 
fuzzy system, variable damping ratio strategy, and evolutionary 
computation. The main merits of a sliding mode controller are 
the achievement of desired control through the selection of a 
suitable sliding manifold, which reaches the manifold and can 
be maintained there afterward through a discontinuous control 
to compel the system state remains in stable region. Hence, The 
SMC designs are categorized into two modes: the reaching phase, 
before entering the sliding manifold; and the sliding mode phase, 
where the system is compelled to stay in that mode after the 
reaching phase [29]. The SMC techniques are productive tools to 
discard the system uncertainties. Accordingly, the main assets of 
SMC are inconsiderate to internal and external variations and the 
overlapping of the sliding parameter to zero in a limited time [30-32].  
Hence, the sliding mode control scheme is considered here, as 

shown in Fig. 2, to enhance the closed-loop system dynamics of 
the SHP-based DC microgrid against disturbances.

The load disturbance and system uncertainties in the dynamics of 
the reaching phase are highly preferable for the selection of sliding 
(switching surface) and are chosen in (11):
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where, xd1, xd2, xd3, xd4 and xd5 are stable equilibrium points of the SHP 
and PMSG dynamics. All equilibrium points are taken from passivity-
based control approach [19, 33] and the above equilibrium points 
are considered here in (12):
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The SMC design process is broadly classified into two modes, the 
reaching and sliding mode. The states trajectories (1), (3), and 

Fig. 2. Proposed control strategy for an SHP-based DC microgrid.
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(5)–(7) are considered to obtain equivalent dynamics after applica-
tion of the reaching condition (σ = 0) in (11):
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Now the system trajectories slide on the switching surface after 
reaching it. Hence, sliding condition ( � � 0 ) is applied on (11) and 
written in (14):
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From (3), (5), (6), and (12), the dynamics of (14) becomes equal to 
the desired stable equilibrium states and slide on the switching sur-
face. Hence, (14) can be written in (15):
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Theorem 1: To reach and slide on the switching surface within the 
bounded region, the system trajectories should be equal to stable 
equilibrium states using the SMC control law in (16):
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Where, tuning terms k1, k2, k3, k4 and k5 are positive scalars. 

Proof: The asymptotic convergence criteria are proved using 
Lyapunov’s function in (17):

	 � � ��
1
2

T 	  (17)

The above (17) is differentiated, and after substitution from (3), (5), 
(6), and (12), it can be written in (18):
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Using SMC control law (16), the above equation in (19):

d
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The closed-loop dynamics of the SHP-based DC microgrid with SMC 
law converges asymptotically on the desired stable equilibrium 
states. Hence, the above equation is simplified in (20):

	 d
dt

k sign k sign k signT T�
� � � �� � � � � � � ��� ��3 1 4 2 5 3

	  (20)

However, the SMC law converges asymptotically on desired stable 
equilibrium states for k3 > 0, k4 > 0, and k5 > 0 respectively. This 
completes the proof.

IV. RESULTS AND DISCUSSION
In this section, the robustness of the proposed control scheme is 
validated on SHP-based DC microgrid systems. The nonlinear state-
space dynamics of the SHP-based DC microgrid systems is simulated 

TABLE 
SYSTEM PARAMETERS AND VARIABLES [20]

Components Parameters Values (in unit)

PMSG P 20 kW

vdc 480 V

wm 2π34 rad/s

Rg 0.05 pu

Lg 0.08 pu

ψ 1.50 pu

M 25.0 pu

SHP Tw 4 sec

qnl 1.25

Ty 0.3 sec

kf 1.7*10−4 pu

At 1.25 pu

Controller tuning 
parameters

k1 1.5 pu

k2 2.0 pu

k3 0.3 pu

k4 4.0 pu

k5 0.9 pu
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Fig. 3. Desired active power disturbance pattern in SHP.

Fig. 4. (a) Normalized water flow of the SHP; (b) water head of the SHP; (c) d-axis current response of the PMSG; and (d) q-axis current response 
of the PMSG.
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using MATLAB© software, as shown in Fig. 2. The SHP-based DC 
microgrid system parameters are given in the appendix in Table.  
The microgrid model under discussion contains a PMSG having val-
ues of 20 kW, an SHP, a 480 V DC grid, a hydraulic turbine, and a VSC.

The performance of the sliding mode controller is demonstrated in 
presence of [01001] initial condition and random uncertainties in 
the desired active power reference in SHP, as shown in Fig. 3 respec-
tively. The deviations in normalized water flow and water head in 
the reservoir in SHP, and d-axis and q-axis currents in PMSG dynam-
ics are shown in Fig. 4(a-d) respectively. It is seen that deviations in 
normalized water flow and water head in the reservoir in SHP are 
negligible, with very short time interval, due to presence of random 
uncertainties in the desired active power reference in SHP.

The trajectories of the PMSG dq-axis currents are also shown in 
Fig.  4(a-d) and found within the limit range. Hence, the proposed 
control structure converges the SHP system trajectories on the 
desired stable equilibrium point effectively, which remains in the 
stable region.

The DC voltage deviation at the VSC output terminal, SHP con-
trol effort, and PMSG dq-axis voltage control efforts are given in 
Fig. 5(a-d) respectively. It is evident that the oscillations in DC volt-
age and chattering in the controlled signals are minimum due to the 
robust quality of the proposed control strategy, even in the presence 

of arbitrary random desired active power reference in SHP. Hence, 
the proposed controller confirms speedy convergence of system 
dynamics on the equilibrium point, with negligible oscillations; and 
it improves steady state error responses simultaneously with reduc-
tion in the chattering against input uncertainty.

The PMSG rotor angular speed deviation and generated active power 
deviation are shown in Fig. 6(a-b) respectively, in the presence of 
arbitrary random desired active power reference in SHP and initial 
state perturbations. It is evident in the said figure that the PMSG 
rotor angular speed and active power both have minimum steady 
state errors with negligible oscillations.

It is observed that the sliding mode-based control scheme converged 
the SHP and PMSG system nonlinear dynamics on the equilibrium 
point effectively and is insensitive even in presence of uncertainties 
in the desired parameters. Thus, the proposed control scheme has 
negligible steady state error and faster stabilization.

V. CONCLUSION
The microgrid plays an important role in the electric power sys-
tem because it can provide reduced reliance on the local utility 
microgrid, better service reliability, and also an enhanced economy. 
In this paper, a sliding mode controller is proposed to minimize the 
steady state errors and stabilization problems in an SHP-based DC 
microgrid. The nonlinear model of both SHP and PMSG with VSC 

Fig. 5. (a) DC microgrid voltage; (b) control effort of the SHP; (c) d-axis control effort of the PMSG; and (d) q-axis control effort of the PMSG.
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was considered to minimize the SHP-based DC microgrid issues. The 
proposed controller design effectively interpreted the steady state 
errors and stabilization challenges in the SHP-based DC microgrid. 
Based on the Lyapunov stability theorem, the control law was 
derived to ensure the asymptotic convergence to minimize the 
steady state errors and improve the closed-loop system stabiliza-
tion effectively. The proposed control law also guaranteed stable 
operation in a short limited time. As results, the proposed controller 
confirmed the speedy convergence of steady state error dynamics 
with negligible oscillations and reduced the limitation of chattering 
notably, without any loss in control accuracy. In future, the integra-
tion of the microgrid with the live grid will be analyzed using a cen-
tralized controller in the presence of communication delays.
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