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Abstract— Growing concern about the exhaustibility of fossil 

fuel, in addition to its harmful effect on the environment, has led 

to a rise in the involvement of renewable sources such as solar 

and wind in energy production. Although these sources are 

sustainable and environmentally friendly, they are also 

intermittent by nature, varying depending on the weather. As a 

result, the power available to loads can be unpredictable. 

Therefore, a single renewable energy generator may not 

consistently meet the energy demand of a given geographic 

location.  This uncertainty can be minimized by an optimal 

combination of different but complementary renewable energy 

resources. However, integrating multiple generation units, with 

different output characteristics, adds complexity to the 

renewable energy system operations; therefore, a proper energy 

management strategy (EMS) is necessary to ensure optimum 

utilization of renewable sources and cost-effectively meet energy 

demand. Significant approaches adopted in past literature on 

configurations discussed and a combined dispatch strategy 

suitable for renewable energy systems connected to an 

unreliable grid is proposed in this paper. 
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I. INTRODUCTION 

Combinations of various but complementary renewable 
energy systems, sometimes mixed with a dispatchable 
conventional energy source like diesel/gasoline generator as 
backup, is known as Hybrid Renewable Energy System 
(HRES). This has been proposed as a reliable and cost-
effective solution to the unreliability and high lifetime cost of 
the single-source renewable energy system [1]–[3]. The 
optimum design of the HRES reduces the impact of 
uncertainties associated with the intermittency of renewable 
energy resources. Renewable energy systems such as 
photovoltaic, wind turbine, hydro, and biogas systems all 
work together in combination with some sort of energy 
storage system, compensating each other to satisfy a 
particular load demand. In designing a stand-alone HRES for 
a location that has a load profile with a peak load that needs 
to be met for a short period, it is cost-effective to incorporate 
a dispatchable energy unit, like a diesel/gasoline generator 
into the energy system that can readily be activated to meet 
the peak energy demand—this is known as the peak shaving 

strategy [7]. As fossil fuel-based power generation pollutes 
the environment, therefore it is necessary to carry out a 
greenhouse gas emission analysis of such a HRES with 
diesel/gasoline backup [2]. For a reliable and cost-effective 
system, a proper component selection and optimum sizing of 
the different HRES constituents becomes necessary. In 
addition, an efficient EMS is vital to ensure optimum power 
management of the whole HRES [4]. This strategy 
determines the most economical energy flow throughout the 
system, creating synergies among the HRES component. 
Making these system components work together holistically 
can be very complex; thus, it is necessary to know the most 
essential factors in order to develop a suitable EMS that 
ensures the best result economically and technically [5].  

The energy management strategy is usually integrated 
with optimization of the system with the aim of ensuring 
continuity of power flow in all situations, minimizing the 
overall cost of energy production and protection of the system 
components. Thus, EMS refers to the methodical procedures 
to economical dispatch and control the HRES. This paper 
presents an extensive review of the approaches offered and 
adopted in recent times by various authors on HRES 
configurations and management strategies. Different HRES 
topologies comprising various combination of renewable 
energy sources, energy storage and backup systems that have 
been implemented in literature is presented in Section 2. The 
third section briefly discusses the functions and importance 
of EMS. A combined energy dispatch strategy for 
determining the most economical power flow among 
components of a HRES connected to an unreliable grid was 
proposed in Section 4. Finally, Section 5 is the concluding 
remarks. 

II. HYBRID ENERGY SYSTEM 
CONFIGURATIONS 

HRES can be categorized into two main configurations: 
stand-alone/off-grid and grid-connected/on-grid system [6]. 
In an on-grid HRES application, energy can be bought or sold 
to the utility grids at a particular tariff whenever there is 
energy excess or energy deficit from the HRES respectively.  
This type of central grid-linked system is adopted to help 
reduce the stress on the central grid to meet growing energy 
demand. Also for those that are conscious of the environment 
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and prefer cleaner sources of energy to power their homes, 
the national grid can serve as a backup system, eliminating 
the cost of expensive battery banks [7]. The off-grid 
application has been shown to be cost-effective for rural 
electrification. Hence, it is suitable for providing electricity 
to remote locations, which are not connected to the utility grid 
[8]. As HRES comprises of multiple energy technologies that 
have different output characteristics, therefore a standard 
procedure is essential for incorporating renewable energy 
sources. Generally, the schemes used to interlink the energy 
sources to the hybrid system can be categorized into direct 
current (DC) coupled, alternating current (AC) coupled, or 
hybrid DC/AC coupled schemes. The appropriate scheme 
typically depends on the kind of energy source and 
connection bus voltage; AC or DC [9]. A fraction of the input 
power is lost due to converters’ inefficiencies, therefore it is 
better to use output directly, without transforming from one 
type to the other. Hence, DC-bus coupling is appropriate if 
most generations and loads are DC. Likewise, AC-bus 
coupling is suitable for a hybrid energy system with mostly 
AC generation and loads [10]. If the power sources of the 
HRES are a fair mixture of AC and DC output power, then a 
hybrid ac/dc bus system design is appropriate. 

  
A. DC-Coupled Scheme 

In a DC-coupled system, different energy sources are 
linked to a DC bus directly or through electronic power 
converters as shown in Fig. 1. It is more efficient to use DC-
bus coupling if most generation and loads are DC; moreover, 
no synchronization is required [11]. AC loads and the central 
grid can also be interfaced to the DC bus through a power 
converter, designed to condition and facilitate the flow of 
power [12], [13]. González et al. [7] proposed a DC-coupled 
HRES comprising solar PV, biomass, wind turbine and the 
national grid that could be set up in an agrestic community of 
over a thousand residences. Suganya & Arivalahan [13] 
developed a model on MATLAB/Simulink for power 
management of HRES, using DC/DC converter to couple all 
energy sources to the main DC bus bar. 

B. AC-Coupled Scheme 

In this integration configuration, different generation 
sources are synchronized and linked to the AC-bus through 
the appropriate power electronic circuitry. As shown in Fig. 
2, the battery bank can also be connected to the AC-bus 
through a bidirectional converter to store excess power or 
supply power to the AC load in times when the renewable 
energy sources can not meet the energy demand [14]. In the 
AC-coupled configuration, DC loads can be fed directly from 
the battery storage or via AC/DC power converter [15].  

C. Hybrid (AC/DC) -Coupled Scheme 

This type of scheme is suitable if the HRES has an 
equitable number of AC and DC power generators. Instead of 
converting and linking all the generator sources to a single 
DC or AC distribution bus as discussed in the previous 
schemes, this configuration allows for the connection of AC 
and DC energy sources directly to an AC and DC distribution 
bus, respectively as shown in Fig. 3. This is a more efficient 
way to integrate energy sources into the HRES; as a fraction 
of input power, depending on converter efficiency, is lost 

every time it is converted from one power type to another. 
Also, the high cost of electronic power converters can be 
avoided [9], [16], [17]. However, the complexity of energy 
management and control of this type of configuration may be 
more complex as compared to the DC-coupled and AC-
coupled schemes [18].  

 
Fig. 1. DC-coupled energy system configuration 

  
Fig. 2. AC-coupled energy system configuration 

 
Fig. 3. Hybrid AC/DC-coupled energy system configuration 

III. ENERGY MANAGEMENT SYSTEM 

The cost-effectiveness of HRESs depends on proper 
sizing of the individual component and appropriate dispatch 
strategy. Most studies on the optimisation of HRESs focus on 
the techno-economic parameters with little or no 
consideration of the actual operational energy dispatch [18]. 
EMS is an essential element of HRES as they are entrusted 
with the economic dispatch of energy sources, component 
operation and protection. The dispatch controller is the hub 
of the EMS as shown in Fig. 4. Controlling of HRES can be 
done on two distinct levels: (1) dynamic control, which deals 
with the regulation of the frequency and magnitude of the 
system output voltage and (2) economic dispatch control, 
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which deals with the optimal flow of energy among various 
system component. The economic dispatch strategy for a 
HRES is a control algorithm for determining the most 
economical combination of power sources to meet the load 
demand and protect the system component from overload. 
The analysis is usually carried out on a time step of minutes 
to hours in which conditions are assumed to be constant [19].  

 
Fig, 4. Block diagram of the Energy Management System 

The EMS is vital for the protection of the system 
components from overloading and optimal apportioning of 
generating units to meet the energy demand at a particular 
time.  Energy dispatch strategy refers to the aspect of an 
energy control algorithm that has to do with the optimal flow 
of energy among the main components of the HRES. Since 
the power output from renewable sources is difficult to 
predict, therefore cannot be dispatched at will but has to 
utilize when available or stored for later use. Several 
distinctive dispatch strategies can be used with any 
combination of renewable energy sources, utility grid, energy 
storage and conventional power generators to economically 
meet a load requirement. Priority is generally given to 
renewable energy sources in order to minimize operational 
costs and greenhouse gas emissions. Typically, when the 
energy demand by the load is minimum, the power generating 
technology with the lowest cost of energy (COE) is deployed 
first. Progressively more expensive energy sources are 
engaged as the demands increase. Hourly energy output from 
renewable sources is deducted from load energy demand to 
ascertain the netload as expressed in (1). 

  �������	
�� = ����	�	����	
�� − ������
�� (1) 

Where �������	
��the deficit energy is after power is supplied 

by the renewable energy sources at time t, ����	�	����	
�� 

is total load energy demand at time t and ������  is the total 
energy supplied by the renewable energy source at a 
particular time t. 

IV. PROPOSED COMBINED ENERGY DISPATCH 
STRATEGY  

Usually, in grid-connected HRES the national grid is 
considered a reliable backup/storage system, where deficit or 
excess energy can be drawn or injected as the case may be  
[20]–[21]. This type of scheme would be a challenge for 
many developing countries, where the grid supply can be 
unstable. The following sub-section discusses proposed 
combined dispatch strategies to meet the net energy demand 

after supply from the primary sources (renewable energy 
sources) have been used to service the load demand at a 
particular time step. A strategy is presented for every possible 
scenario with the grid considered stochastic, suitable for 
locations with unreliable grid supply. Fig. 5 illustrates the 
flow chart for the combined dispatch strategy, in a typical 
hybrid AC/DC-coupled energy system. 

A. Battery Mode Strategy 

A battery bank mode is used to either absorb excess 
energy or supply energy deficit during high or low power 
output from renewable energy sources respectively. Hence, 
this strategy can operate in either battery charging mode or 
battery discharging mode. 

• Battery charging strategy: Battery charging 
strategy may be used when the total energy produced 
from the renewable energy generators surpasses the 
load demand at a particular time i.e. the netload is 
negative. 

  ������
�� > ����	�	����	
��            (2) 
 

The battery bank is used to store the excess energy, 
provided the predetermined maximum SOC of the 
battery is not reached. In a condition when the 
battery is fully charged, then the excess power is 
absorbed by the dump load (usually water pump and 
heater). The energy is directed to the battery storage 
until one or both of these conditions are met: (1) 
Netload becomes positive (2) Maximum SOC of the 
battery is reached. 
 

• Battery discharging strategy: In a scenario when 
the energy required by the load exceeds the 
accumulated energy produced by renewable sources, 
then the Battery discharging strategy can be used to 
supply the whole or part of the netload. In a particular 
time step, if the renewable energy sources are not 
sufficient to meet the load demand, then the stored 
energy from the battery bank may be deployed to 
supply energy deficit until at least one of the 
following conditions is met: (1) lowest battery SOC 
is attained (2) power from the renewable energy 
source is equal or exceeds the load demand, in other 
words, when the net load is zero or negative. 
 

B. Grid Supply Strategy 

In a grid-connected HRES, at a particular time step when 
power from the grid is available and the load demand exceeds 
the sum of the energy produced by renewable energy sources 
and the energy stored in a battery bank (i.e., when the 
expression in (3) and (4) are both true) then supply may be 
taken from the national grid. 

����	
�� > 0                      (3) 

����	�	����	
�� > ������
�� + �����
� − 1�       (4) 

Where �����
� − 1� is the total energy stored in the previous 

time step and ����	
�� is the energy available from the grid. 

 This strategy continues until the power output from 
renewable sources is just enough to meet the load requirement 
(i.e. net load is zero). 
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Fig. 5. Flow chart of the proposed combined dispatch strategy for HRES connected to an unreliable grid 
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C. Dispatchable Generator Mode Strategy 

When the power output from renewable energy generators 
and energy stored in battery bank cannot completely meet the 
load demand also no supply from the national grid (in case of 
grid-connected HRES) in this situation a dispatchable power 
source (usually a diesel/gasoline generator) may be activated 
to meet just the netload. The generator can either be operated 
in load-following mode or cycle charging mode. 

•  Load following strategy: In load-following mode, 
the diesel/gasoline generator can be operated to meet 
just the netload and not charge the energy storage 
system and it keeps running until the energy from 
renewable sources is enough to at least meet the load 
requirement. The dispatchable power generator is 
prescribed a minimum run time in order to moderate 
the generator’s start/stop frequency, therefore 
minimizing the rotating cost associated with 
diesel/gasoline power generators. 

 

• Cycle charging strategy: In this strategy, the 
diesel/gasoline generator starts when required and 
operates at maximum set capacity to meet the net load 
and -surplus energy is then used to recharge the 
energy storage system. Once the diesel/gasoline 
generator is activated, it continues operating for its 
preset minimum run time, after that, the generator is 
deactivated when: (1) the predetermined maximum 
SOC point has been reached or/and (2) the energy 
from renewable sources is enough to at least meet the 
load requirement. The cycle charging strategy has 
some advantages as well as disadvantages. The use of 
diesel/gasoline power to charge the energy storage 
system during cycle charging strategy have the 
following benefits: (1) allowing the generator to run 
at higher power output, thereby maximizing 
diesel/gasoline fuel efficiency and (2) minimizing the 
diesel/gasoline start frequency. On the other hand, 
the demerits of cycle charging strategies include: (1) 
shortening of battery service life (2) lost 
opportunities for storing energy from renewable 
sources in the batteries and (3) electrical losses 
during power conversion and in the battery. 

V. CONCLUSIONS 

Different approaches for HRES configuration and energy 

dispatch strategy have been discussed in this paper. Although, 

HRES are been shown to be a viable solution to mitigate the 

stochastic nature of renewable energy sources. A proper 

control system is crucial to achieving the highest system 

efficiency and reliability. Therefore, major HRES design 

paradigms and dispatch techniques have been discussed and 

compared with one another. A combined dispatch strategy 

was thereby proposed in which the utility grid is considered 

stochastic. This is suitable for most developing countries like 

Nigeria with erratic power supply from the grid. 
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