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Abstract

A grid connected microgrid connects to the grid at a point of common coupl-
ing. Due to the great inertia of the grid which accelerates and decelerates the
generator when its frequency tends to deviate, the grid connected microgrid
operates at a frequency of the infinity bus. Frequency instability is one of the
major challenges facing the grid connected microgrid during islanding. The
power demand variation causes the variation in rotor speed, resulting to fre-
quency deviation. Frequency can be brought back to standard by varying the
power generation to match with the varying load. The performance of the fre-
quency stability control system at Mwenga hydroelectric microgrid has been
studied. Through site visitation, the power demand and generation status da-
ta were collected and analysed for model preparation. The results of the study
indicate that, during islanding, the Mwenga rural electrification project is ob-
served to be subjected to power imbalance which leads to frequency instabili-
ty. Although the frequency control system tries to keep the system at a no-
minal frequency by maintaining the continuous balance between generation
and varying load demand, however the system still operates with large mag-
nitude of overshoot, undershoot and longer settling time.
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1. Introduction

Island mode means a mode of operation when a Microgrid with a self-generation

station which generally operates in grid-connected mode is disconnected from
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the utility grid at the Point of Common Coupling. Unplanned islanding happens
when a grid connected microgrid electrically unintentionally disconnects from
the main grid, however the isolated part continues to be energized through the
microgrid self-generation stations [1]. The main objective of distributed genera-
tion is to supply reliable and quality energy to people residing distant away from
the utility grid [2]. Exploration has shown that Tanzania has potential of private
power producers generating and injecting power into the main utility grid to
ensure the grid with quality, sufficient and reliable power supply. The Mwenga
Rural Electrification Project is a hydroelectric based grid connected microgrid
located at Isipii village in Mufindi District, Southern highlands of Tanzania. The
site operates a 4 MW hydro-power-station supplying about 21.5 GWh per an-
num of grid-quality, renewable electricity to the National Utility (TANESCO), to
the local tea industry as a back-up source, as well as to 32 villages in the Mufindi
district. The plant uses vertical-axis Francis turbine at a flow rate averaging to 8
cubic meters per second and a Run-off river designed at a head of 8 meters along
a gauged Mwenga river

Mwenga hydro station uses Siemens PLC as controller to control the pressure,
flow and temperature within the plant. The flow control is related to the amount
of power demand, where the controller is required to provide command to vary
the position of hydraulic valve using fluids. A PID control function is imple-
mented in PLC controller which increases the level of precision by controlling
the output based on the adjustments of the gain set points. The controller gains
are proportional, integral and derivative gains which improve the rise time, re-
duce the overshoot and reduce the steady state error.

Frequency instability is the major challenge to many local grid connected dis-
tribution generations [3]. This is due to mismatching between generation and
consumption in microgrid especially when it unintentionally disconnects from
the main grid. During unplanned islanding, if the amount of active power gen-
erated by the microgrid is large compared to demand status, the sudden energy
unbalance results in microgrid which causes the voltage and frequency fluctua-
tion. The microgrid gets subjected to longer frequency settling time, the situa-
tion which affects the sensitive loads along the microgrid. The microgrid control
system tries to adjust the control parameter gains to retain the system into a sta-
ble mode [4]. A well known frequency control status helps to enforce system
performance improvement. The aims of this work are to study the performance
of the microgrid frequency stability control during the unplanned islanding

mode.
2. Review on Microgrid Stability

2.1. Microgrid Architecture

A microgrid is usually positioned and interconnected at the low voltage distribu-
tion system of the main grid. It is connected to the medium voltage substation at

a Point of Common Coupling mostly, by a circuit breaker [5]. A centralized con-
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troller required to manage the supply of power between microgrid and utility grid
is placed at the low voltage side of the point of common coupling. It act as a back-
bone of the system, detects islanding and provide command to auxiliary devices.

The loads are also positioned alongside the lines through load controllers [5].

2.2. Microgrid Stability

It is the capacity of a system to remain in equilibrium operating condition or to
get returned to the point of equilibrium after being subjected to a disturbance.
The microgrid stability has been categorized as indicated in Figure 1 below (So-
roush, 2021).

2.2.1. Rotor Angle Stability

It is the capability of interconnected synchronous generators in a microgrid to
stay in a synchronism operating condition even after being subjected to distur-
bance. It is determined measured by its capacity to keep the system in equili-
brium between mechanical and electromagnetic torque of all the machines in the
system [6]. The instability in the generator is caused by increasing the angular

swing.

2.2.2. Frequency Stability
It is the ability of microgrid device to keep the frequency value within the speci-
fied deviation range (+0.5 hertz) at the state of disturbance or during normal
operating condition. The common disturbance is the generation and load mis-
match, when this mismatch takes place, the rate and or frequency varies leading
to frequency instability [7].

When electrical electrical load exceeds the input mechanical energy difference
get compensated by the stored kinetic power of the rotating shaft leading to de-
cline in turbine velocity in order to keep a constant alternator output. This caus-

es the reduction in generator output frequency as seen in Equation (2.1)

o=2nf (2.1)

The symbol w stands for the turbines speed in rad/sec while f represents the

system frequency in hertz.

2.3. Micro Hydro Frequency Stability Control

The power system must always generate power which is equal to load available.

Microgrid stability

\ 4 A 4

Rotor Angle stability Frequency stability Voltage stability

Figure 1. Classification of micro grid stability.
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It is important to keep the production and consumption of electricity equal in
order to maintain frequency stability of the electric grids. In the alternating cur-
rent grids, imbalance between generation and consumption results to rising and

falling of the grid frequency.

2.4. Micro Hydro Microgrid Generation System Modelling

The hydroelectric models are created basing on physical standards of conserva-
tion of mass, strength and momentum. The process involves generation of the
partial differential equations which are implemented in the modelling of the hy-
dropower plants. Partial differential equations-based model is mostly applied when
considering the plant utilizing long pipe penstock in the design. However, partial
differential equations is less considered if the hydropower plant is of a run-of-

river scheme, at which longer conduits are rarely used [8].

2.4.1. Gates

The water control devices; permit and stop the water flow between two points.
For a plant with run-of-river scheme and without a discharge manipulate action,
they are usually used to monitor and control the level of the upper water reser-
voir [9]. Gates also depend on the principle of conservation of mass where the

sum of outward flows is equals to the sum of outward flows.

2.4.2. Turbine
These are mechanical rotating machines driven by water, where by the hydraulic
energy of flowing water get converted into mechanical energy [4].

If the efficiency of the turbine is known, the power output of the hydraulic

turbine-generator can be calculated.

2.4.3. Synchronous Generator

It is an electric machine coupled to the turbine shaft purposely to convert the
mechanical energy from the turbine shaft into electrical output energy. The cha-
racteristic of synchronous generator depends on whether the system is grid con-
nected isolated.

At no load and without brake application at the generator power of the torque
resistance becomes proportional to the product of the loss factor and the speed
w square. On the other hand, for grid connected alternator power of the torque
resistance is equal to power input, provided that the rotational speed is brought
to zero and the rotational speed is kept constant and equal to the value of a fre-
quency at 50 Hz. In this state, the hydroelectric unit is considered running with

parameters of the infinity bus when it is grid connected [10].

2.4.4. Hydro-Turbine Governor System

The control system of the plant automatically controls the runner blade by a PID
control enhanced automation system, it receives the position of the gate in order
to obtain the reference of the position of the runner blade depending with the

blade and gate characteristics for optimal performance. The structure of the PID
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controller consists of three main terms: proportional gain (P), Integral gain (I)
and Derivative gain (D). It ensures faster speed response by adjusting the values
of the gain parameters stated above to keep the plant frequency at constant value

(2].

2.5. Grid Code on Power System Frequency Stability

The grid code has provided regulation and standards regarding to frequency sta-
bility in three categories basing on the load sensitivity and capacity of the plant
summarized as follows.

Primary frequency control should be triggered automatically, right after the
over and under-frequency event has sensed. Secondary frequency control should
also be triggered within tens of seconds. Tertiary frequency control is required to
be triggered within a few minutes in case the over and under-frequency event
does not correct itself through primary or secondary frequency control mechan-
isms [11]. In general, from the power system frequency stability grid code, the
frequency should be stable within a time limit ranging from micro seconds to
some few minutes depending with the plant category and type of load to be

connected.

3. Material and Methods
3.1. Feasibility Study and Data Collection

Important data required for frequency stability control study was collected phys-
ically through a site visitation at Mwenga hydropower project. The data was ana-

lysed to obtain the data necessary for frequency control model design.

Data Collection

This study uses secondary source of data collected through site visit. The data
collected from the site is used for the design of the model. The gathered data in-
cludes: System operating voltage, system operating frequency, controller gain pa-
rameters, power demand and site generation status. The site supplies two sets of
villages, where two transformers of 6.6/0.4 kV each are used to step down the gen-

erated voltage to meet the village demand voltage (Table 1).

3.2. System Frequency Control Modelling

Deviation of the grid frequency from a nominal value is determined by the Equ-
ation (3.1) [4]

dw,

production _})consumption = equel d ¢

(3.1)

where P, uction 1S the production in (W), £, cumption F€present consumed power in
(W), the /.

eqv

(kgm?®) represent the grid inertia, while the electrical angular veloci-
ty is represented by w,, (rad/s) from Equation (3.1) above, the grid frequency £,
(Hz) is proportional to the angular speed.

An imbalance between generation and demand, for example, lower production
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Table 1. Mwenga hydroelectric microgrid load profile data.

S/N Item Amount
1 Power station capacity 4 MW
2 Grid feeder ratings 15 MW
3 Power fed to Grid 0-33MW
4 Power delivered to villages 0.1-03MW
5 Power delivered to tea industry 0.4 MW
6 System Voltage 33kV
7 System frequency 50 Hz
8 Type of controller used Siemens PLC S2000
9 Gain Parameters of controller 180, 3200 and 1
10 Number of villages saved 2
11 Line length 50 km
12 Number of step-up transformers 1(6.6/33kV)
13 Number of step-down transformers 2(6.6/0.4kV)
14 Number of spur lines 2
15 Number of mainline 1

makes the left-hand side of Equation (3.1) to become negative meaning that the
derivative of the frequency must also become negative.

The principle objective of the microgrid frequency controller is to maintain
reasonably uniform frequency and to divide the load between generators when
operating at islanded mode. The change in frequency can be sensed which is a
measure of change in rotor angle J'the error Afto be corrected. The error signal,
ie Afis amplified, mixed and transformed into real power command signal AP,
which is sent to the prime mover to call for an increment in the torque. Consi-
dering the no load voltage of the generator E, the terminal voltage of the gene-
rator V, the infinity bus voltage 1V and by neglecting losses in the system, for a
grid connected my microgrid, the real power generated should be equal to the

power transferred to the infinity bus. The active power generated may then be

written as:
P, =|E||I|cos(®+6) = |V||1|cos @ (3.2)
From the above equation, we then get the relation,
) |E|sin&
|E|sm5:|1|XcosCD—>|I|cosCD:— (3.3)
From Equations (3.2) and (3.3), we get
P, = Msin o (3.4)
X
where, X= X, + X..
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X, = Synchronous reactance of the generator.

X, = Reactance of the transmission system from the generator terminals up to
the infinite bus. § = Angle between stator axis and rotor axis of synchronous
machine.

Equation (3.4) represents the power P, per phase. If however, |E| and | V] are
line voltages in kilovolts, the results are total three phase power in megawatts.
From Equation (3.4), it can then be concluded that the real power is propor-
tional to the load angle ‘. So, real power is directly proportional to the fre-
quency ‘f.

As the frequency changes, the motor load changed being sensitive to speed.
P
Rate of change of load with respect to frequency 667D =B where,

B = Damping coefficient in MW/Hz.

Value of damping coefficient is positive for motor load

AP, — AP, = BAf (3.5)

Writing power balance equation,

2HP. d

AP, - AP, = —(Af)+BA 3.6
AR, = 2 () B 6o
Dividing by P, we get
2H d
AP .u4_AP u:__(Af)J'_BuAf
Gp Dp f;) dr P

Taking Laplace transform on both sides, we get

2H,

AP, (s)-AP, (s)= AF (s)+BAF (s)

0

ar, (5)-80, ) () 2o

0

AR, (5)—AP, (s)
()=
B{l+ Bf;}
AF (s) :APG(S)—APD(S)L_:(:T } (3)

where,

1 and T <2 .
kp = E = power system gain an = B_ = power system time constant.
70

The system frequency become stable when there is no difference between
power generated and power demand i.e., from Equation (3.7), AF becomes zero
when the difference between AP, and AP, is zero. This can be achieved through
proper tuning of the controller gain parameters &, and proper power system

time constants 7, of Equation (3.7).
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3.3. Data Analysis and System Modelling

The system is initially considered to operate at grid connected mode where it
supplies power to both grid and local loads (Table 2).

During the grid connected mode the total load demand is 4 MW, while the
total load demand at islanding mode is 0.7 MW (Table 3).

During transition from grid connected to islanding mode, the controller stabi-
lizes the system frequency by regulating the input power with respect to demand
status to keep generation equal to power demand. Consider a transition period
at which the system initially operates at peak load of 4 MW, which is the maxi-
mum power demand of the village load, tea factory and utility grid, and 0.7 MW
which is the village load and tea factory load demand during islanding. At this
instant, the controller gain parameters being 180, 3200 and 1, the system fre-
quency control is required to keep the microgrid at a frequency of 50 Hz basing
on frequency objective function of the math model given in Equation (3.7)
(Figure 2).

3.4. System Simulation

In this study, the system modelling is achieved using MATLAB software to iden-
tify the system frequency response when it disconnects from the utility grid. The
model was validated through simulation using MATLAB SIMULINK simula-
tion. The results of model simulation for grid connected mode and microgrid is-

landed mode is as presented in Figure 3.

4. Results and Discussion

Grid connected micro grid always operate at a frequency of the grid known as
infinity bus. The microgrid when connected to grid becomes stable within a
short period of time. As the system frequency in Tanzania is 50 Hz, it is observed
in Figure 3 that, the Mwenga hydroelectric microgrid when grid connected at-

tains a frequency stability of 50 Hz immediately, ie., after a time of less than a

Table 2. Load profile during grid connected mode.

S/N ITEM LOAD(MW)
1 Grid power requirement 3.3
2 Village Load requirement 0.3
3 Tea factory load requirement 0.4

Table 3. Load profile during islanding.

S/N ITEM LOAD (MW)
1 Grid requirement 0
2 Village load requirement 0.3
3 Tea factory load requirement 0.4
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Figure 3. Frequency control at grid connected mode and islanding mode respectively.

second. On the other hand, the figure indicates that, during islanding it take long-
er time to become stable. The results of simulation show that, during islanding,
the system attains its stability after more than 9 seconds of time. Ali Nandar, C.
S. [12] performed a load frequency stabilization of microgrid power system us-
ing PI control, resulted with 5 seconds settling time. Bhateshvar, Y. K., Mathur,
H. D., Siguerdidjane, H., & Bhanot, S. [13], developed a frequency stabilization
for multi-area thermal-hydro power system using optimized fuzzy logic control-
ler in deregulated environment and resulted with 4.5 seconds settling time. Kha-
mis, A., Ghani, M. R. A,, Kim, G. C,, Kamarudin, M. N., & Aras, M. S. M. [14]
performed a voltage and frequency control of microgrid systems with demand
response and obtained 0.4 per unit overshoot and 4 seconds setting time. Basing
on the results of the above optimized frequency stability control systems dis-
cussed above, the performance of Mwenga hydroelectric microgrid frequency

stability control is considered to be poor.

5. Conclusion and Recommendation

5.1. Conclusion

The modelling and simulation of operation of the grid connected microgrid when
it is grid connected and during islanding has been achieved, however the perfor-
mance of its frequency stability control has also been studied. The findings indi-
cate that the microgrid which operates in grid-connected mode stabilize within a
short period of time, increases system flexibility and smooth the influence of
power exchange between grid and microgrid. The findings also indicate the sys-
tem takes too much time to stabilize due to weak performance of frequency con-

troller during system islanding.

5.2. Recommendation

Shifting of operation mode from grid connected to island operation mode find a
microgrid being subjected to power imbalance which causes the microgrid fre-
quency fluctuations. Longer system settling time becomes a serious problem when
the system is used to power highly sensitive loads. The performance of the mi-

crogrid frequency control has to be optimized using robust artificial intelligent
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approach to stabilize the system immediately after it has been subjected to dis-

turbance especially in case of unintentional islanding.
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