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Abstract

A 6kW smart micro-grid system with wind /PV/battery has been designed, the control strategy of combining master-slave control
and hierarchical control has been adopted. An energy management system based on battery SOC has been proposed for the
smart micro-grid system so that the management functions, such as measurement and testing, protection, operation mode
selection, power supply control and load management of the smart micro-gird, can be realized. The performance of the micro
grid and the control strategy presented in the paper has been demonstrated and verified in various operation modes, including
direct supply of wind and solar energy, energy feedback to grid, power supply from battery, power supply by external power grid
and load limitation modes.

Copyright © 2018 Elsevier Ltd. All rights reserved.
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0. Preface

Distributed generation is featured with lower cost, higher energy utilization efficiency and less pollution.
However, viewed from high voltage power grid, it is uncontrollable. A smart micro grid, consisting of distributed
generators, load, energy storage and protection control devices, is an independently controllable system covering
complete power generation, transmission, distribution and energy utilization systems. Which can effectively solve
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the contradiction between large power grid and distributed generation, and promote the development of distributed
generation technology. Distributed generators are mostly integrated with power electronic devices into smart
microgrids, in order to maintain the stable operation of the smart microgrid, the effective control of the distributed
generators and the corresponding power electronic interfaces is needed. Literature [1] has carried out a thorough
study and proposed a scheme to control the frequency and voltage of the power generation unit through the power
electronic interfaces.

Smart microgrid is normally based on new energy generation technology and power electronics technology. It
promotes the grid acceptance of various distributed generators, realizes the complementary advantages of different
generation units, improves the utilization efficiency [2], and reduces the potential negative impact of a single
distributed power supply on the power grid.

Smart microgrid through effective energy management strategy, not only supports the safe operation of power
distribution grid, but also realizes the flexible control of the distributed generators, so that the renewable and clean
energy sources can be maximally utilized, therefore. smart microgrid is an important part of the smart grid [3][4].

Stabilized operation control and optimized energy management are currently hot research topics for intelligent
micro-grid [5][6]. The control strategy of microgrid is studied in literature [5], and the hierarchical control strategy
is introduced in detail. Literature [6] proposes an energy management algorithm for coordinating distributed
generators in microgrids. In this paper, we built an experimental smart microgrid platform with wind /PV/battery, It
adopts master slave control and hierarchical control strategy. The energy management system is designed based on
battery SOC level. It aims to enhance the operation mode of the smart microgrid system, regulate the state of energy
storage, optimize the energy balance of the distribution grid, distributed generators and loads, and ensure the safety ,
stability and high efficiency of the system.

1. A Smart micro-grid system for wind /PV/battery

The developed 6kW smart micro-grid system with wind /PV/battery consists of a 3kW wind power generation
unit, a 3kW photovoltaic generation unit, battery energy storage unit, load and the control system. The smart micro-
grid system is connected via an AC bus with distributed power supply, wind and solar power generators. It offers
wider range of connections, higher efficiency of energy transmission, easier expansion of independent power
generation units and flexible selection of operation modes.

The developed control system adopts the structure of combining master/slave control and hierarchical control, as
a bottom layer control and an upper layer control, as shown in Figure 1. The bottom control adopts master-slave
control, and battery energy storage is the main control unit
to stabilize the grid. In the situation of grid connection, PQ

energy management system

upper layer

control is adopted, and the system voltage and frequency S ’E‘a'lT'V| e
are supported by the grid. For off grid operation, VF e " PQ | .
control is adopted so that battery will support system I~ - *J@ inverter
voltage and frequency via DC-AC converter. PQ control is  powergrid o - I
adopted for the inverters of wind power generation and | 3 } |l T |
photovoltaic power generation, thereby generating as much \\ U/ - Pt ]'r 77777 N
power as possible [7]. Individual units at the bottom layer - ﬁ

will not only execute their own automated control, but also ’ o J@< - +D3§3uer
follow the commands from the upper layer. The upper layer

is an energy management layer executing control based on

battery SOC.

Fig. 1. Structure of smart micro-grid control system
2. Energy management system of the smart micro-grid

In this paper, the energy management system is design based on the battery SOC value. SOC is an important
index to measure charge and discharge capability with a scale between [0,1], and can be expressed as (1)
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Where Q is initial quantity of electricity, Q,, is total battery capacity, i is current of charging and discharging.

In the microgrid system, the upper and lower limits of the battery SOC need to be set, so that the battery can
charge or discharge in the specified working range. It is expressed as:

soc,,, <SoC <50C,,,. 2)

Where SOC,,;, is lower limit value, SOC,,,. is upper limit value.

The SOC of the battery will also affect its maximum charge and discharge power, the expression is:

SOC=

0< P ()< mm{[socm ~soce) e 1 <1, @} 0< B (1)< mi»{[soc@— 506, 1% 1 v, <z>} 3

Where pj** is maximum charging power, Pj;* is maximum discharging power, C,,, is ampere-hour capacity,
I3 is maximum charging current, 77 is maximum discharging current, V}, is battery voltage.

The energy management system can determine an operation mode among five operation modes: (1) Direct supply
from wind and solar generators: if the power generated from photovoltaic and wind generator is sufficient, the loads
are mainly supplied by photovoltaic and wind power generation units. Energy storage unit only covers the power
difference by charging or discharging. (2) Mode of energy feedback: if the generation of photovoltaic and wind
power is sufficient and the battery is so charged that the SOC value is enough high, the intelligent micro-grid will
send the surplus energy back to the external power grid. (3) Mode that the power is supplied by battery: the power
from photovoltaic and wind power is insufficient to supply the loads, the
external power grid will supply the loads and charge the battery. (4) Mode that
the power is supplied by external power: photovoltaic and wind power
generation is insufficient and cannot meet the load needs, and the external
power grid supplies load and charges the battery. (5) Load power limitation
mode: if the external power supply is not available due to a failure and the
generation of photovoltaic and wind power is insufficient, and the battery
SOC is at the allowed lowest level, some loads may have to be temporarily
cut off to protect the battery.

Main function modules of the energy management system include

N communication module,

r: mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm "] control module and

& display module are shown
‘ = in figure 2, the operation
‘ curve, state parameters,
‘ .| control configuration and P ey BT
|
|
|
\

control log can also been
seen. The control flow of
the energy management
system[8] is shown in
figure 3.

Fig. 2.Software screen for energy management system Fig. 3. Flow chart for energy management system
3. Experimental study of the proposed smart micro-grid system

The smart micro-grid system has been tested in various operation modes in the experimental studies, the control
ability of mode switching under the energy management system has been demonstrated and the power quality of the
smart micro-grid system under all operating modes are evaluated. Firstly, SOC parameters are set as follows:

SOC £0.2 Start charging; SOC < 0.7 Stop feedback; SOC <0.1 Load limiting;
SOC > 0.5 Stop charging; SOC > 0.9 Start feedback; SOC > 0.15 Load connection
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Then experimental work on the smart micro-grid system in five different operation modes has been performed as
below:

(1) Direct supply by wind and solar energy power

In this case, the system operates as an island. VF control strategy is adopted by the master controller. The battery
and it power electronic converter will establish the system voltage and the power fluctuations of the system shall be
regulated by charging or discharging the battery. During PV inverter connection, the changes of the master inverter
AC bus voltage and AC output current waveforms are shown in
figure 4. Yellow curve is voltage waveform and blue curve is current
waveform. The amplitude of voltage basically is maintained by
master inverter as unchanged. The current slows reduces and then
changes the direction, that is, the direction of power flow is reversed.
The power supplied to the load is changed from the battery to the
distributed power supply and the battery is charged by the power
supply so that the current direction of the battery is reversed.

Fig.4.Waveforms for voltage and current for AC bus

The voltage waveform, harmonic content in the voltage and frequency fluctuation of the AC bus in the micro-

grid are shown in figure 5, for the system operation stabilized in the mode of direct supply by wind and solar power

generator. The waveform of bus voltage is standard sinusoidal wave and the third-order harmonic is the highest

harmonic component, which is only 0.535%. Compared with fundamental wave, such harmonic content is very low.
The frequency varies slightly around 50Hz, which is compliant with SOHz+0.2Hz.

(a) Voltage waveform

(c) Frequency

Fig.5.Electrical energy quality under direct supply by wind and solar power

(2)Energy feedback mode

When wind and solar generate sufficient power and the SOC of battery is higher than 0.9, the energy
management system will initiate energy feedback mode. In such a case, the smart micro-grid is switched into grid-
connected operation, the system frequency and voltage will be held by the power grid. The master inverter of the
system and wind and solar inverters are operated in PQ control. The wind inverter and photovoltaic inverter are
tracked and regulated for maximum power capture so that the wind and solar resources can be fully utilized.

The variations of AC bus voltage, AC input current on grid side, and internal AC output current during grid
connection are shown in figure 6. The AC input current on grid side ranges from zero to a certain level. The smart
micro-grid will transfer power to the grid. There is small fluctuation during grid-connection transient when the grid
into the stable operation, the current basically remains unchanged before and after grid connection.

(a) grid side (b) inside

Fig.6.Changeover from mode of direct supply by wind and solar power to mode of energy feedback
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(3) Mode of power supply by battery

When wind and solar power generation is insufficient and battery
SOC from feedback is below 0.7, the energy management system
will automatically stop the power feedback to power grid. In such
case the isolated island will enter the mode of supply by battery. The
variations of voltage and current are shown in figure 7 during the
transition, where the voltage is system AC bus voltage and the current
is AC input current on the side of power grid.

Fig.7. variations of AC bus

(4) Mode of supply by external power

In the mode of supply by external power, the system is connected with grid. The voltage and frequency of the
system bus are supported by the power grid. As shown in Figure 8, the voltage waveform is not as good as that in
the mode of direct supply by wind and solar power, though it is still a sinusoidal wave. The content of third power
harmonic is 7.815%, which is higher than that in the mode of direct supply by wind and solar power. The frequency
fluctuates between lower limit 49.9Hz and upper limit SO0Hz. The frequency is less deviated than that in the mode of
direct supply by wind and solar power.
PL u

Feqg Q972 H
Thd diFundamerid

(a)Voltage waveform (b) Harmonic content

(c) Frequency

Fig.8.Quality of electrical energy in the mode of supply by external power

(5) Load limiting mode

In the mode of supply by battery, when battery SOC is below threshold of 0.2, charging initiation would be
expected, however, the external power supply is connected for charging. In order to avoid damaging the battery due
to excessive discharging, when battery SOC is below 0.1 , the energy management system will automatically switch
the system into load limitation mode by tripping off the load contactor. During the mode changeover, the waveform
of bus voltage and AC output current are shown in figure 9.

When it is possible to connect to the external power supply, the smart micro-grid system will be supplied by
external power. In such case, the external power supply only charges the battery. The corresponding waveform for
bus voltage and input current of master inverter are shown in figure 10.

Fig.9.Variations of AC bus Fig.10.Variations of AC bus

When the external power supply charges the battery so that SOC is greater than 0.15, the loads are automatically
connected. During operation, the waveforms for AC bus voltage and AC input current on grid side are shown in
figure 11 (a). As shown in this figure, AC input current has increased. External power supply not only charges the
battery but also supplies power to the loads. During the mode changeover, the waveforms of AC bus voltage and
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output current of the master inverter are shown in figure 11 (b).

(b)

Fig.11.Variation to voltage and current after loads are connected
4. Conclusions

In this paper, a 6kW smart micro-grid system with wind /PV/battery and its control system have been presented.
The control system adopts a structure of combining master /slave control and hierarchical control. Energy
management system based on battery SOC has been developed for the smart micro-grid system with wind
/PV/battery, and the functions of measurement and testing, protection, mode changeover, distributed power supply
control, load control and energy storage management for the smart micro-gird can be realized. Then, the
effectiveness of the control system have been verified in following modes: direct supply of wind and solar energy,
energy feedback, power supply by battery, power supply by external supply and load limitation. In all operation
modes, smart micro-grid system with wind /PV/battery not only can supply the loads with high quality electricity
but also can quickly transfer to a new steady state with a smooth changeover. In future research, cloud service will
be applied to control system to realize the remote monitoring and control of the operation state of smart micro-grid.
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