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Abstract
Hybrid ac/dc micro grid to reduce the processes of multiple DC–
AC–DC or AC–DC–AC conversions in an individual ac or dc grid. 
The hybrid grid consists of both ac and dc networks connected 
together by multi-bidirectional converters. AC sources and loads 
are connected to the ac network whereas dc sources and loads are 
tied to the dc network. Energy storage systems can be connected 
to dc or ac links. The proposed hybrid grid can operate in a grid-
tied or autonomous mode. The coordination control algorithms 
are proposed for smooth power transfer between ac and dc links 
and for stable system operation under various generation and 
load conditions. Uncertainty and intermittent characteristics of 
wind speed, solar irradiation level, ambient temperature, and 
load are also considered in system control and operation. A small 
hybrid grid has been modelled and simulated using the Simulink 
in the MATLAB. The simulation results show that the system 
can maintain stable operation under the proposed coordination 
control schemes when the grid is switched from one operating 
condition to another.
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I. Introduction
THREE PHASE ac power systems have existed for over 100 years 
due to their efficient transformation of ac power at different voltage 
levels and over long distance as well as the inherent characteristic 
from fossil energy driven rotating ma- chines. Recently more 
renewable power conversion systems are connected in low voltage 
ac distribution systems as distributed generators or ac micro grids 
due to environmental issues caused by conventional fossil fueled 
power plants. On other hand, more and more dc loads such as 
Light-Emitting Diode (LED) lights and Electric Vehicles (EVs) 
are connected to ac power systems to save energy and reduce CO  
emission. When power can be fully supplied by local renewable 
power sources, long distance high voltage transmission is no 
longer necessary [1]. AC micro grids [1–3] have been proposed 
to facilitate the connection of renewable power sources to 
conventional ac systems. However, dc power from photovoltaic 
(PV) panels or fuel cells has to be converted into ac using dc/dc 
boosters and dc/ac inverters in order to connect to an ac grid. In 
an ac grid, embedded ac/dc and dc/dc converters are required for 
various home and office facilities to supply different dc voltages. 
AC/DC/AC converters are commonly used as drives in order to 
control the speed of ac motors in industrial plants.
Recently, dc grids are resurging due to the development and 
deployment of renewable dc power sources and their inherent 
advantage for dc loads in commercial, industrial and residential 
applications. The dc micro grid has been proposed [5–8] to 
integrate various distributed generators. However, ac sources have 
to be converted into dc before connected to a dc grid and dc/ac 
inverters are required for conventional ac loads.
Multiple reverse conversions required in individual ac or dc 
grids may add additional loss to the system operation and will 

make the current home and office appliances more complicated. 
The smart grid concept is currently prevailing in the electric 
power industry. The objective of constructing a smart grid is to 
provide reliable, high quality electric power to digital societies 
in an environmentally friendly and sustainable way. One of most 
important futures of a smart grid is the advanced structure which 
can facilitate the connections of various ac and dc generation 
systems, energy storage options, and various ac and dc loads with 
the optimal asset utilization and operation efficiency. To achieve 
those goals, power electronics technology plays a most important 
role to interface different sources and loads to a smart grid.
A hybrid ac/dc micro grid is proposed in this paper to reduce 
processes of multiple reverse conversions in an individual ac or dc 
grid and to facilitate the connection of various renew- able ac and 
dc sources and loads to power system. Since en- ergy management, 
control, and operation of a hybrid grid are more complicated than 
those of an individual ac or dc grid, dif- ferent operating modes 
of a hybrid ac/dc grid have been inves- tigated. The coordination 
control schemes among various con- verters have been proposed 
to harness maximum power from re- newable power sources, 
to minimize power transfer between ac and dc networks, and to 
maintain the stable operation of both ac and dc grids under variable 
supply and demand conditions when the hybrid grid operates in 
both grid-tied and islanding modes.

II. System Configuration and Modeling

A. Grid Configuration
Fig. 1 shows a conceptual hybrid system configuration where 
various ac and dc sources and loads are connected to the corre- 
sponding dc and ac networks. The ac and dc links are connected 
together through two transformers and two four-quadrant operating 
three phase converters. The ac bus of the hybrid grid is tied to 
the utility grid.

Fig. 1:  A Hybrid ac/dc Micro Grid
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Fig. 2: A Compact Representation of the Proposed Hybrid Grid

a DC/DC boost converter to simulate dc sources. A capacitor  
is to suppress high frequency ripples of the PV output voltage. A 
50 kW Wind Turbine Generator (WTG) with doubly fed induction 
generator (DFIG) is connected to an ac bus to simulate ac sources. 
A 65 Ah battery as energy storage is connected to dc bus through 
a bidirectional dc/dc converter. Variable dc load (20 kW–40 kW) 
and ac load (20 kW–40 kW) are connected to dc and ac buses 
respectively. The rated voltages for dc and ac buses are 400 V 
and 400 V rms respectively. A three phase bidirectional dc/ac 
main converter with R-L-C filter connects the dc bus to the ac 
bus through an isolation transformer.

B. Grid Operation
The hybrid grid can operate in two modes. In grid-tied mode, the 
main converter is to provide stable dc bus voltage and re quired 
reactive power and to exchange power between the ac and dc 
buses. The boost converter and WTG are controlled to provide 
the maximum power. When the output power of the dc sources 
is greater than the dc loads, the converter acts as an inverter and 
injects power from dc to ac side. When the total power generation 
is less than the total load at the dc side, the converter injects power 
from the ac to dc side. When the total power generation is greater 
than the total load in the hybrid grid, it will inject power to the 
utility grid. Otherwise, the hybrid grid will receive power from 
the utility grid. In the grid tied mode, the battery converter is not 
very important in system operation because power is balanced by 
the utility grid. In autonomous

Fig. 3: Equivalent Circuit of a Solar Cell

Table 1: Parameter For Photovoltaic Panel

Mode, the battery plays a very important role for both power 
balance and voltage stability. Control objectives for various 
converters are dispatched by energy management system. DC 
bus voltage is maintained stable by a battery converter or boost 
converter according to different operating conditions. The main 
converter is controlled to provide a stable and high quality ac 
bus voltage. Both PV and WTG can operate on maximum power 
point tracking (MPPT) or off-MPPT mode based on system 
operating requirements. Variable wind speed and solar irradiation 
are applied to the WTG and PV arrays respectively to simulate 
variation of power of ac and dc sources and test the MPPT control 
algorithm.

C. Modelling of PV panel 
Fig. 3 shows the equivalent circuit of a PV panel with a load. The 
current output of the PV panel is modelled by the following three 
equations [8-9]. All the parameters are shown in Table 1:

 (1)

         (2)

    (3)

D. Modelling of Battery
Two important parameters to represent state of a battery are 
terminal voltage  and State Of Charge (SOC) as follows [9]:

Table 2: Parameters of DFIG
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 (4)

   (5)
where  is internal resistance of the battery,  is the open circuit 
voltage of the battery,  is battery charging current, is polarization 
voltage,  is battery capacity,  is exponential voltage, and is 
exponential capacity.

III. Coordination Control of the Converter
There are five types of converters in the hybrid grid. Those 
converters have to be co-ordinately controlled with the utility 
grid to supply an uninterrupted, high efficiency, and high quality 
power to variable dc and ac loads under variable solar irradiation 
and wind speed when the hybrid grid operates in both isolated 
and grid tied modes. The control algorithms for those converters 
are presented in this section.

A. Grid-Connected Mode
When the hybrid grid operates in this mode, the control objec 
tive of the boost converter is to track the MPPT of the PV array 
by regulating its terminal voltage. The back-to-back ac/dc/ac 
converter of the DFIG is controlled to regulate rotor side cur- rent 
to achieve MPPT and to synchronize with ac grid. The en- ergy 
surplus of the hybrid grid can be sent to the utility system. The 
role of the battery as the energy storage becomes less important 
because the power is balanced by the utility grid. In this case, the 
only function of the battery is to eliminate frequent power transfer 
between the dc and ac link. The dc/dc converter of the battery can 
be controlled as the energy buffer using the technique [10]. The 
main converter is designed to operate bidirectional to incorporate 
complementary characteristic of wind and solar sources [11-12]. 
The control objectives of the main converter are to maintain a 
stable dc-link voltage for variable dc load and to synchronize 
with the ac link and utility system.
The combined time average equivalent circuit model of the booster 
and main converter is shown in fig. 4 
Power flow equations at the dc and ac links are as follows:

                        (6)

                          (7)

Fig. 4: Time Average Model for the Booster and Main 
Converter

where real power   and   are produced by PV and WTG 
respectively,   and   are real power loads connected to 
ac and dc buses respectively,  is the power exchange between 
ac and dc links,  is power injection to battery, and  is power 
injection from the hybrid grid to the utility.
In order to maintain stable operation of the hybrid grid under 
various supply and demand conditions, a coordination control 
algorithm for booster and main converter is proposed based on 

basic control algorithms of the grid interactive inverter in [11]. 
The control block diagram is shown in fig. 5.

Fig. 5: The Control Block Diagram for Boost Converter and Main 
Converter
The reference value of the solar panel terminal voltage  is 
determined by the basic perturbation and observation (P&O) 
algorithm based on solar irradiation and temperature to harness 
the maximum power. Dual-loop control for the dc/dc boost 
converter is described in [12], where the control objective is to 
provide a high quality dc voltage with good dynamic response. 
This control scheme is applied for the PV system to track optimal 
solar panel terminal voltage using the MPPT algorithm with minor 
modifications. The outer voltage loop can guarantee voltage 
reference tracking with zero steady-state error and the inner current 
loop can improve dynamic response.
The one-cycle delay and saturation limiter in Fig. 5 can as- sist 
controller to track  faster. In steady state,  re- sides in the 
linear region of the saturation limiter and is equal to . It can be 
seen that a step increase of  makes  becomes negative, 
which in turn makes  to be zero during the first switching period 
of the transient process. This leads to a lower for driving the 
average voltage  and  up- ward to follow the  
command.

B. Isolated Mode
When the hybrid grid operates in the islanding mode, the boost 
converter and the back-to-back ac/dc/ac converter of the DFIG 
may operate in the on-MPPT or off-MPPT based on system 
power balance and energy constraints. The main converter acts 
as a voltage source to provide a stable voltage and frequency for 
the ac grid and operates either in inverter or converter mode for 
the smooth power exchange between ac and dc links. The battery 
converter operates either in charging or discharging mode based on 
power balance in the system. The dc-link voltage is maintained by 
either the battery or the boost converter based on system operating 
condition. Powers under various load and supply conditions should 
be balanced as follows:

  (8)
Two level coordination controls are used to maintain system 
stable operation. At the system level, operation modes of the 
individual converters are determined by the energy Manage- 
Ment System (EMS) based on the system net power  and the 
energy constraints and the charging/discharging rate of battery. 
The system control logic diagram is shown in Fig. 6.  is defined 
as the total maximum power generation minus the total load and 
minus . The energy constraints of the battery are determined 
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based on the State Of Charge (SOC) limits using SOC  SOC.
It should be noted that SOC cannot be measured directly, but can 
be attained through some estimation methods as described in [13-
14]. The constraint of charging and discharging rate is    
. At local level, the individual converters operate based on mode 
commends from the EMS. Either the PV system or WTG or both 
have to operate in the off-MPPT mode for normal Case

 
Fig. 6: Control Mode Diagram for the Isolated Hybrid Grid

Fig. 7: Time Average Equivalent Circuit Model for the Three 
Converters

The battery converter may operate in the idle, charging, or 
discharging mode for different cases. The main converter will 
operate in the inverter mode if   -   is negative or 

Fig.  8: Block Diagram of the Battery and Main Converters for 
the Normal Case

in the converter mode with positive  - . Load shedding is 
required to maintain power balance if power supply is less than 
demand and the battery is at the minimum SOC.
The time average equivalent circuit model of the booster, main 
converter, and battery converter for the isolated operation is shown 
in Fig. 7. The inverter part of the circuit model in fig. 8 is based 
on the basic principles and descriptions in.
The control objectives for the converters change when the system 
transfers from one operating scenario to another. For ex- ample, the 
role of the boost converter is changed to provide a stable dc-link 

voltage rather than the MPPT for normal case, while the battery 
converter is controlled to absorb the maximum power in case 1.

Table 3: Component Parameters for the Hybrid Grid

been developed for conventional and power-converter-based 
distributed generators and various micro grid. Those techniques 
can be modified and implemented in the proposed hybrid grid to 
make the system transfer smoothly from the grid tied to isolated 
mode.

IV. Simulation Results
The operations of the hybrid grid under various source and load 
conditions are simulated to verify the proposed control algorithms. 
The parameters of components for the hybrid grid are listed in 
Table 3.

A. Grid-Connected Mode
In this mode, the main converter operates in the PQ mode.  Power 
is balanced by the utility grid. The battery is fully charged and 
operates in the rest mode in the simulation. AC bus voltage is 
maintained by the utility grid and dc bus voltage is maintained 
by the main converter.
The optimal terminal voltage is determined using the basic P&O 
algorithm based on the corresponding solar irradiation. The 
voltages for different solar irradiations are shown in Fig. 9. The 
solar irradiation level is set as  W/m2 from 0.0 s to 0.1 s, 
increases linearly to W/m2 from 0.1 s to 0.2 s, keeps constant 
until 0.3 s, decreases to 400 W/m2 from 0.3 s to 0.4 s and keeps 
that value until the final time 0.5 s. The initial voltage for the 
P&O is set at 250 V. It can be seen that the P&O is continuously 
tracing the optimal voltage from 0 to 0.2 s. The algorithm only 
finds the optimal voltage at 0.2 s due to the slow tracing speed. 
The algorithm is searching the new optimal voltage from
0.3 s and finds the optimal voltage at 0.48 s. It can be seen that the 
basic algorithm can correctly follow the change of solar irradiation 
but needs some time to search the optimal voltage. The improved 
P&O methods with fast tracing speed should be used in the PV 
sites with fast variation of solar irradiation.
Fig.10 shows the curves of the solar radiation (radiation level 
times 30 for comparison) and the output power of the PV panel. 
The output power varies from 13.5 kW to 37.5 kW, which closely 
follows the solar irradiation when the ambient temperature is 
fixed.
Fig. 11 shows the voltage (voltage times 0.2 for comparison) and 
current responses at the ac side of the main converter.
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Fig. 9: The Terminal Voltage of the Solar Panel

Fig. 10: PV Output Power Versus Solar Irradiation

Fig. 11: AC Side Voltage and Current of the Main Converter With 
Variable Solar Irradiation Level and Constant DC Load

Fig. 12: AC Side Voltage and Current of the Main Converter with 
Constant Solar Irradiation Level and Variable DC Load

Fig.12 shows the voltage (voltage times 0.2 for comparison) and 
current responses at the ac side of the main converter when the 
dc load increases from 20 kW to 40 kW at 0.25 s with a fixed 
irradiation level 750W/m2. It can be seen from the current direction 
that power is injected from dc to ac grid before 0.25 s and reversed 
after 0.25 s. Fig. 13 shows the voltage response at dc side of the 
main converter under the same conditions

Fig. 13: DC Bus Voltage Transient Response

B. Isolated Mode
The control strategies for the normal case and Case 1 are ver 
ified. In the normal case, dc bus voltage is maintained stable by 
the battery converter and ac bus voltage is provided by the main 
converter. The reference of dc-link voltage is set as 400V.
 Fig. 16 shows the dynamic responses at the ac side of the main 
converter when the ac load increases from 20 kW to 40 kW at 
0.3 s with a fixed wind speed 12 m/s. It is shown clearly that 
the ac grid injects power to the dc grid before 0.3 s and receives 
power from the dc grid after 0.3 s. The voltage at the ac bus is 
kept 326.5 V constant regardless of load conditions. The nominal 
voltage and rated capacity of the battery are selected as 200 V 
and 65 Ah respectively
Fig. 14 (a) & (b) shows the current and SOC of the battery. Fig. 
15 shows the voltage of the battery. The total power generated 
is greater than the total load before 0.3 s and less than the total 
load after 0.3 s. Fig. 18 shows that the voltage drops at 0.3 s and 
recovers to 400V quickly.
Fig. 16 shows battery charging current when the dc load decreases 
from 20 kW to 10 kW at 0.2 s with a constant solar irradiation 
level1000W/m2.

Fig. 14(a): Battery Charging Current

Fig. 14(b): State of Charge for the Normal Case

Fig. 15: DC Bus Voltage Transient Response in Isolated Mode
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Fig. 16: Battery Charging Current 

Fig. 17: Ac Side Inverter Voltage of the Main Converter in Grid 
Connected Mode With Variable Load

 
Fig. 18: Ac Side Inverter Voltage of the Multilevel Converter in 
Grid Connected Mode With Variable Load

V. Conclusion
The models and coordination control schemes are proposed for 
the all the converters to maintain stable system operation under 
various load and resource conditions.
The coordinated control strategies are verified by Mat lab /
SIMULINK. Various control method shave been incorporated 
to harness the maximum power from dc and ac sources and to 
coordinate the power exchange between dc and ac grid. Different 
resource conditions and load capacities are tested to validate the 
control methods.
The hybrid grid can operate stably in the grid-tied or isolated mode. 
Stable ac and dc bus voltage can be guaranteed when the operating 
conditions or load capacities change in the two modes. The power 
is smoothly transferred when load condition changes. Although the 
hybrid grid connected mode, some of the harmonics are presented 
.those harmonics are eliminated by using the multilevel inverter 
instead of converter. It will get a pure sine wave in the system 
and to reduce the processes of dc/ac and ac/dc conversions in an 
individual ac or dc grid, there are many practical problems for 
implementing the hybrid grid based on the current ac dominated 
infrastructure.
The total system efficiency depends on the reduction of conversion 
losses and the increase for an extra dc link. Therefore, the hybrid 
grids may be implemented when some small customers want to 
install their own PV systems on the roofs and are willing to use 
LED lighting systems and EV charging systems. The hybrid grid 
may also be feasible for some small isolated industrial plants 

with both PV system and wind turbine generator as the major 
power supply.
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