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Abstract— In this paper, the detailed analytical
models for the various distributed energy
resources (DER) in an onshore hybrid power
system are presented. The DER includes an
electric load unit, an energy storage unit and three
electric energy generators, namely, solar
photovoltaic system, wind turbine and diesel
generators. The study was for a hybrid power
system microgrid located within University of Uyo
Main Campus. The analysis included dynamic
models that accounted for the stochastic nature of
the load profile, the solar photovoltaic system and
the wind turbine power generator system. Sample
numerical examples are also presented to
demonstrate the application of the analytical
models proffered in this study. Sample numerical
computation with the models showed that for the
given daily energy demand and load fraction of
each DER units, about 534 PVmodules are
needed, along with 89 wind turbines and 10
powerpacks of 210 kWh capacity per pack.A
diesel electric generator of about 185 KVA is also
required to power one-third of the total peak load.
Although the cost analysis is not conducted in
this paper, the idea presented in this paper
provided the relevant analytical models that can
be used to size the various DER components
which are required for detailed life cycle cost
analysis of the microgrid system.
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I. INTRODUCTION

Over the year, the Nigerian national grid has generally been
ineffective in meeting the daily electric demand of the
teeming population of users across the country [1,2,3,4,5,6].
As such, institutions like the Universities across Nigeria are
littered with several units of high capacity diesel generators
as ready alternative electric power source. Consequently,
every year, Universities in Nigeria spend several millions of

Naira on diesel generators that are used to supply the
missing power from the National grid.

However, in recent times, some Universities across Nigeria
are beginning to adopt solar photovoltaic (PV) power and
other renewable power technologies [7,8,9,10,11].
Furthermore, some Universities are already considering
distributed energy generation hybrid power system
whereby the University can leverage the available
renewable energy resources at its disposal to meet its
energy demand [12,13,14,15].

In this paper, detailed analytical models of distributed
energy resources (DERS) [16,17] in a hybrid power system
(microgrid) at University of Uyo Main Campus is
presented. The DER includes an electric load unit, an
energy storage unit and three electric energy generators,
namely, solar photovoltaic system, wind turbine and diesel
generators. Relevant mathematical expressions and sample
numerical computations are presented to demonstrate the
application of the ideas presented in this paper.

Il. RESEARCH METHODOLOGY
A. DESCRIPTION OF THE CASE STUDY OF THE
ONSHORE HYBRID POWER SYSTEM
The onshore hybrid power system, which is a microgrid, is
made up of the power supply units and load components
interconnected to make up the system. Figure 1 displays the
configuration of the onshore microgrid to be considered in
this work. The microgrid is connected to the main
distribution grid, which feeds the network with electricity.
Three local generation sources are additionally considered:
solar photovoltaic system, wind turbine and diesel
generators. Both the PV systems and the wind turbine are
uncontrollable generation devices with a stochastic
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behavior while the diesel generators are controllable
devices that consume diesel to produce electrical energy.
These diesel generators also serve as support for power
balancing during energy peak periods. Furthermore,
electrical energy storage for the PV system serves during
periods of low or zero irradiance. The electrical loads also
connected to the network are stochastic in nature and
cannot be rescheduled or curtailed.
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Figure 1: The Distributed Energy Resources (DER)
components in the case study onshore microgrid system

B. DESCRIPTION OF THE ONSHORE CASE STUDY
SITE: UNIUYO MAIN CAMPUS

The case study site is University of Uyo

(UNIUYQO) main campus which is situated in Uyo in

3seoop 3ses0p

Akwalbom State. The campus is located at latitude of 5.022
and longitude of 7.854 and spans about 600km stretch of
land. Currently it is serviced by Port-Harcourt Electricity
Distribution Company (PHEDC) network, through an 11/33
kV three phase, four wire, 50-60Hz grounded neutral, wye
connected radial system. The power network is supplied by
one primary feeder which connects via 33kV power service
lines to the substations at Use-Offot along Nwaniba road.
The overhead electrical system includes about 250 concrete
ladder poles and one 300kVA 33/0.415 kV ONAN
transformer substation, with 100 mm? All Aluminum
Conductor (AAC) cable and 100mm? Aluminum Conductor
Steel Reinforced (ACSR) cable for high tension and low
tension lines respectively across the campus. Figure 2
shows the entire UNIUYO Main Campus power
distribution network created in ArcGIS software. The load
demand profile of the UNIUYO Main Campus is given in
Table 1. The site peak load demand is439569 W or 439.6
kW.
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Figure 2: University of Uyo Existing Electric Power Network
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Table 1: Load demand profile of UNIUYO Main Campus

Quantity .
. Unit Power Total Power
End-Use Appliance Total
N . . (W) (W)
Residential | Academic | Admin
Freezer 3 - 2 5 80 400
Fridge 5 12 20 37 140 5180
Water Filter 2 10 15 27 100 2700
Fan 120 270 294 684 85 58,140
Air Conditioner _ 30 50 80 1120 89,600
TV 5 10 15 30 100 30,000
Lighting 240 554 770 1565 30 46,950
Washing machine 4 _ _ 4 1800 7,200
Pressing Iron 4 _ _ 4 1000 4,000
Uninterrupted Povx_/er Supply (UPS) 5 15 25 45 900 40,500
device
Computer 100 73 45 218 450 98,100
Internet Router _ 4 9 13 15 195
Photocopier 19 37 61 117 80 9,360
Scanner 12 _ 6 18 18 324
Printer 54 17 31 102 30 3060
Water Pump 1 2 2 5 400 2000
Lab Technology _ 80 _ 80 300 24,000
Miscellaneous 50 85 100 235 76 17,860
Total 439569

(Source: 2017 field data by the author)

Specifically, the demand profile data consists of average

hourly data, for the weekdays and for the weekend days
taken from every week in a year. Annual averages of daily
load curves for each weekday and weekend day is shown in

Figure 3.
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Figure 3: Annual averages of daily load curves
obtained from UNIUYO main campus

(Source: 2017 field data by the author)

and weekend days as follows:

The daily loads generally peak between 12:00PM and
2:00PM. From the measured load curves, the total annual
demand,D is estimated by weighting totals for weekdays

@

whereP,,;(h) and P,,.4(h), with h = 1, ...,24, are load

curves for 261 weekdays and 104 weekend days

respectively. Therefore, the total annual load demand for
UNIUYO main campus is determined as follows;

D =261 x (1300) + 104 x (600)

= 401,700 kWh per year
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The meteorological data for the case study site are
obtained from NASA website and it consists of the average
hourly insolation incident on tilted plane of the PV module,
the ambient temperature and the wind speed at 10 m and at
60 m altitudes. The meteorological data are plotted as

shown in Figure 4. The average daily ambient temperature,
T,is29.08°C , the average daily wind speed,
uis 1.69 ms~* and the average hourly insolation incident
on the horizontal plane ,Gy is 196Wm™2..
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Figure 4: The meteorological data for the case study site (a) Averaged Insolation incident on mounted surfaces (Wm™
per hour) (b) Ambient Temperature at 10 m Altitude (°C) (c) Averaged Wind Speed At 10m Altitude (ms™) and At 60m
Altitude (ms™)

C. MODELING OF THE POWER BALANCE IN THE
MICROGRID:
The power balance equation determines the relationship
between the power generation and the power on the
demand side. The power unbalance, denoted as AP can
be determined as follows:

AP = P; + Pg+ Py +Pp+ P;— Py %)
Where AP can be expressed in the differential form as
follows:

AP = Pg + Pg+ Py + P+ Pp— Py
®)
where P; represents the grid power, Ps is the solar PV
power, P, characterizes the wind turbine power, Py is the
diesel generator power, Py is the power transferred to and
from the electrical storage, and Py, is the power demanded
by the loads.
D. MODELING OF THE GRID POWER:
Whenever the microgrid is connected to the main
distribution grid, then, the grid power P, compensates the

power unbalance AP by a feedback mechanism, which
can be defined as follows [18]:

P; =k; - AP 4)
where kg is a proportional coefficient. The feedback in
Equation (4) is mainly implemented via primary frequency
control, [18].

E. MODELING OF THE ONSHORE SOLAR PV SYSTEM
OUTPUT AND SIZING OF THE ONSHORE PV
ARRAY

The output of the PV array can be determined as follows
[19];

Ps = PSTCf[]- + a, (T — Tc,src)] )

Where the PV array cell temperature, T, can be determined

as follows [20];

T, = 0.943T, + 0.095G; — 1.528u + 0.3529 (6)
Where u is the wind speed, T, is the ambient temperature
and G is the effective solar irradiance incident on the PV
array plane with unit in kWh - m™2 per day. Hence, the
corresponding continuous dynamics when the PV system is
connected to the Microgrid (S = 1) are given as;

Ps _ PsTCf[ap(TC_TE'STC)+1] . dGT + %Tapf ) dTC (7)
STC

Gstc
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dT, = 0943 -dT, + 0.095-dG, — 1.528 - du 8)

dGT = aG(G_T - GT)dt + O-Gth (9)

dTa = CZT(T_a - Ta)dt + O-Tth (10)
®)-u®) —

du(t) = -2t + ku /Z/T dw (t) (11)

For the estimation of the variable,dG,a, is the tracking
coefficient, o;, the variation coefficient, and dW; is a
variable representing Wiener process. The PV module
specifically selected for this research is the Global Solar
Power FLEX BIPV. It was chosen because its design is
especially for rooftops and also adaptable for floating due
to its flexible nature. Now, given that T, = 29.08 °C,
u = 1.69 ms~tand Gr = 196 Wm™2per day, hence, based
on Equation 6, the cell temperature is computed as;

T. = 0.943(29.08) + 0.095(196) — 1.528(1.69)

+0.3529 =43.8 °C
Therefore, putting T, = 43.8 °C in Equation 5, gives;
Pcpy = 298.65[1 + (—0.43/100)(43.8 — 25)] =

298.65[0.91916] = 274.507134 W
Now, the PV system is designed to supply one-third of the
entire load demand with peak power of 439569 W.
Therefore, the number of PV modules required for the
system is given as;

439569 W)
— 5 ) _ 146523

274.5 274.5

~ 534 modules

Nepy =

F. MODELING OF THE WIND ENERGY AND SIZING
OF THE ONSHORE WIND TURBINE:
The wind turbine is considered as a deterministic system
which is affected by stochastic inputs. The power of the
wind turbine is given by a non-linear static model
expressed as follows [18];

1
B, = EpAu3Cp (12)
where u is the wind speed, p is the air density, A is the rotor
swept area, and C, is the power coefficient, an efficiency

function depending on 6, the pitch angle and n = %,the tip

2nr

speed ratio, where blade tip speed, A = wr = Both

fand « are functions of time. However, for the sake of
simplicity, a wind turbine model based on polynomial
approximation of power curve is adopted for the wind
turbine power production which is given as;

P, = a,u® + a,u’® + a,u (13)
where a,,, a,, and a,, are coefficients. For the sake of
simplicity, only two discrete modes is considered:

connected and disconnected. In the connected mode, the
wind turbine is considered to be connected to the local
power network and to be operating in the power
optimization area, when the speed of its blade tip is less
than the maximal tip speed. When on the other hand the
wind turbine is disconnected from the local power network,
then it does not feed the microgrid with power. Then, the
corresponding continuous dynamics when the turbine is
connected to the microgrid (W = 1) are;

B, = (3a,u®+ 2a,u +a,,) du (14)
u-u _
du= —ZF=dt + ki /Z/T dw (15)

where a,, a,,,a,, are turbine output constants, i denotes
monthly averages of daily wind speed altogether
determined as the long run mean, k is a factor that depends
on the geographical location of the wind turbine, T is the
turbulence factor and the parameter dW, is a Wiener
process that models the uncertainty in the actual and
forecasted wind speed. The specific wind turbine selected
for this research is the BWC Excel 10kW model with the
values of the polynomial approximation coefficients,
a,, a,, and a,, given as; 0.0112,—0.008 and — 0.0775
respectively. For the selected wind turbine, when u,, =
6.0ms™! the turbine output power, Py, = 1.65 kW. Now,
since the wind turbine system supplies one-third of the load
demand, hence;

_— (5)439569 146523
twr = 1.65 T 1.65
G. MODELING OF THE DIESEL GENERATOR POWER

SUPPLY
The diesel generator model is captured by the following

= 89 turbines

first order differential equation [18];

JS2 = (Ty— Tz — Dw)  (16)
where/ is the moment of inertia of the generator rotor (kg
m?), Tp refers to the air-gap electrical torque or
counteracting electromagnetic torque, Ty, is the mechanical
shaft torque produced by the engine (N.m), D is the
damping-torque coefficient (N.m.s) and w represents the
rotor shaft velocity (rpm).

In the start-mode, a diesel engine is used to drive
the alternator velocity to predefined revolutions per minute
(RPM). In this configuration the mechanical torque is taken
to be equal to zero — T), = 0 because the minimal fuel flow
maintains the combustion process but does not produce a
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mechanical torque. Hence, the electrical torque represents
the driving force for the rotation of the generator, and is
defined by [18] as:

T = ag+ a; - Pp + a, - P2 (17)
where a,,a,,a, are real constants. Since the generator in
this mode is connected to the electric motor, Py represents
the consumed electrical power, which is a negative value.
When the rotor shaft is rotating at a predefined and nominal
RPM, wyom . it starts to ignite fuel, warms up, and is
synchronizing its voltage phase and frequency with the
local power grid, however it still does not supply the
Microgrid with power. Afterwards the generator is switched
to the operational on- mode, where the generator produces
power and then it is driven by a combustion process. The
mechanical torque represents the driving force for the
rotation of the generator, and can be characterized with the
following polynomial as shown in [18];

Ty =az + a, - mp +as-mf- ag - @ (18)
where a;; a4; as; ae are real constants, my is the fuel flow
and w is the angular velocity. The electrical torque acts
along the mechanical one, and is decelerating the generator
angular velocity. According to [18], the electrical torque
can be defined by a second order polynomial:

Te = a; + ag " o + ag * w? (19)
where a;; ag; aq are real constants and w is the current
angular velocity. The generated power depends on the
angular velocity and can be expressed as:

Pr = a0+ a; "0+ ag, - w? (20)
where a,o; a;1; a,, are real constants, as shown by [18].
Therefore, the diesel generator is in its on-mode (M = 1)
and the corresponding continuous dynamics is captured as
follows:
do = ]l(TM — Ty;— Dw)-dt (1)

Pr=a;; "dw +2- a4, w-dw (22)
The Shutdown mode has a behavior that is analogous to the
Start mode: the fuel combustion is stopped, the engine is
driving the generator on a predefined RPM, and the
generator is smoothly cooling down. After a given time, the
generator is switched off and the alternator speed is
naturally decelerated to zero. The diesel generator
used in this study is the 500 kVA 400 ekW Caterpillar C15
Prime rated generator - Mantrac Unit.

H. MODELING OF THE ENERGY STORAGE:
A simplified energy storage model adopted expresses the
stored energy Py as follows by [21];

Pgs=—n"P; =P, (23)
where n denotes power exchange efficiency, Py is the
power exchanged between the storage device and the local
power network, and P, denotes power losses associated to
the storage. The power exchange efficiency parameter, 1 is

defined as
Mg, for the Supply mode (Pg > 0)
n=< 0, for the Store mode (P; = 0) (24)
nn for the Load mode (P; < 0)

The Tesla Powerpack with energy capacity of 210 kWh per
Powerpack was selected for energy storage . The energy
storage capacity of 1900 kWh per day is accounted for,
hence, the number of Tesla Powerpacks required for the
storage is given as;

1900

5 =570 ~ 10 powerpacks

J. DEMAND MODELING
The electrical loads depend on activity patterns of users
during the day. These dynamics are stochastic in nature and
can be modeled by stochastic differential equations. The
Ornstein-Uhlenbeck model is a suitable choice that can also
be adopted for the modeling of the continuous dynamics of
electrical loads in the connected-mode.
P,=a-(P,—Pp)dt+ o, -dW (25)
whereP,, is a given load profile, a represents a tracking
coefficient, oy is a variation coefficient, and dW denotes the
Wiener process. In the case of the disconnected mode, the
dynamics of electrical loads is trivial as, P, = 0, P, = 0.

I1l. CONCLUSION

In this paper, the detailed analytical models for the various
distributed energy resources (DER) in an onshore hybrid
power system are presented. The DER includes an electric
load unit, an energy storage unit and three electric energy
generators, namely, solar photovoltaic system, wind turbine
and diesel generators. The study was for a hybrid power
system microgrid located within University of Uyo Main
Campus. The analysis included dynamic models that
accounted for the stochastic nature of the load profile, the
solar photovoltaic system and the wind turbine power
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generator system. Sample numerical examples are also

presented to demonstrate the application of the analytical

models proffered in this study.
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