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Abstract—This paper presents a generic centralized supervisory control scheme
for the power management of multiple power converters based hybrid micro-grid
system. The system consists of wind generators, photovoltaic system, multiple parallel
connected power converters, utility grid, ac and dc loads. Power management of the
micro-grid is performed under two cases: grid mode and local mode. Central
supervisory unit (CSU) generates command signal to ensure the power management
during the two modes. In local mode, the dc loads in the ac-dc hybrid system can be
controlled. In the case of grid mode operation, power flow between the utility grid and
micro-grid is controlled. A novel feature of this paper is the incorporation of the
multiple power converters. The generated command signal from the CSU can also
control the operation of the multiple power converters in both grid and local modes. An
additional feature is the incorporation of sodium sulfur battery energy storage system
(NAS BESS) which is used to smooth the output power fluctuation of the wind farm.
The effectiveness of the control scheme is also verified using real time load pattern. The

simulation is performed in PSCAD/EMTDC.
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1. INTRODUCTION

The ever increasing energy consumption and demand for electricity has taken
the present power scenarios towards Distributed Generation. The growth of wind and

photovoltaic power generation has increased rapidly [1-2]. Both wind and solar are
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considered as prospective energy sources individually; however, hybrid systems have
the potential of providing better quality and reliability to the customers. Distributed
generation also reduces the need of transmitting power over long distances. A new form
of small, independent power system interface known as micro-grid has become popular
nowadays. Small modular sources like wind, photovoltaic, fuel cells, batteries,

electrolyzer, and diesel generators can be connected to form a micro-grid [3-11].

A micro-grid is more suitable for isolated or standalone systems as renewable
energy is the most viable source of energy. A rapidly growing interest for micro-grids
was observed in recent years. Micro-grid can be controlled to manage the power in the
system with or without power exchange with the utility grid by appropriate control
schemes. Micro-grids can be operated in different modes: grid mode and local mode. In
grid mode, energy is exchanged between the utility grid and the micro-grid to balance
the local demand and generation. Basically in this mode, the utility grid absorbs or
provide power to the micro-grid based on the demand. In local mode, the micro grid
balances the power independent of the utility grid [12]. In local mode, the utility grid
does not provide or absorb any power from the micro-grid. In this mode, the micro-grid
depends only on the renewable energy (wind power and solar power). In local mode, if
demand of micro-grid is greater than the local generation system (WT and SP) dc loads
can be controlled for power load shedding to balance the power in the whole system.
The proposed CSU controls the dc load for load shedding to maintain the stability of the

system.

Power management is one of the major issues in micro-grids where variations of
the loads and generations are significant in the system. Various researches are going on
the micro-grid power management issues. Several studies have been reported to balance

the power in micro-grid in recent studies [13-15]. Power control and management in
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hybrid ac-dc micro-grid is discussed in [16]. Real and reactive power control strategies
of electronically interfaced multiple generation micro-grid systems are addressed in
[17]. Power management and power flow control between utility and micro-grid
through back-to-back converters has been shown in [18]. Voltage-power droop control
scheme is presented in [19] which allow several voltage source converters (VSCs) to
operate in parallel in a micro-grid system. Reliability is another major issue to be
ensured in a micro-grid system [20]. In the existing work of micro-grids it has been seen
that a common power converter connects the ac and dc bus. Using a single power
converter in the micro-grid reduces the reliability of the micro-grid. If due to any
transient fault or any disturbance the single power converter stops operating or shuts
down for maintenance then a part of micro-grid has to be disconnected which surely
reduces the reliability of the micro-grid system. Also a micro-grid operates in local and
grid modes so the power needs to be balanced always. In this paper, a multiple
converter scheme is proposed where multiple converters operate in the micro-grid.
Instead of using one large size power converter unit, multiple small units are utilized.
So, according to the generation, one single converter would operate and if the rated
power of the unit is exceeded then the alternate converter unit would be enabled. This
scheme not only increases the reliability of the system, but also increases the efficiency
of the converters. The present schemes in the existing papers focus on different methods
which are complex and expensive. In this paper, the proposed central supervisory
control scheme, controlling and calculation of multiple converters are done which is
simple and cost effective. The reference signals generated from the controller needs to
be sent using the communication system which is part of the modern smart micro-grids.
The proposed scheme also ensures the power management during local and grid modes
where the grid power is controlled during grid mode and dc load is controlled during

local mode in addition with the multiple converter control.
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Wind power is considered to be one of the most promising renewable sources of
energy; however the generated electrical power has randomly varying and intermittent
characteristics. The smoothing of the wind power fluctuations has become one of the
major issues of micro-grid systems. Wind power fluctuation can be smoothened up to
certain range by the blade pitch angle control of the wind turbine [21]. It is reported in
[22-23] that superconducting magnetic energy storage (SMES) system can be used to
smoothen the wind power fluctuation. A flywheel energy system is proposed in [24-25].
Energy capacitor system (ECS) composed of power electronic devices and electric
double layer capacitors (EDLC) has been proposed for smoothing the wind power
fluctuation in [26-28]. A battery energy storage system (BESS) [29] has been reported
to smooth the power fluctuation. Also, if BESS is integrated with STATCOM, then this
integration technique can provide both real and reactive power quite well [30]. Sodium
sulfur (NAS) battery is an advanced secondary battery developed by Tokyo Electric
Power Company (TEPCO) and NGK Insulators, Ltd. since 1983 [31]. It is reported in
[31] that NAS battery is the most suitable one for use in large scale battery energy

storage system due to its long life cycle and outstanding efficiency.

This paper presents the power management of an ac-dc hybrid micro-grid
system by incorporating a generic centralized supervisory control scheme. The major

feature of this paper is mentioned below:

1. In local mode, the CSU generates reference signals for the power converters and
dc loads. The reference signals are generated in such a way that the power is
balanced in the system.

2. In grid mode, CSU generates reference signals for power converters which
indirectly control the power flow between utility grid and micro-grid ensuring

power balance.
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3. In both modes, reference signals are generated for multiple power converters.
Alternate power converters are enabled if any individual power converter rating
is crossed controlling the real power and terminal voltage of the system.
4. Sodium sulfur (NAS) battery energy storage system is integrated with a fixed
speed wind turbine generator system to smooth the output power fluctuation of
the wind farm using real wind speed data.

2. Proposed Micro-grid System Configuration

A hybrid micro-grid system is used in this paper which is extracted from the
benchmark system of the IEEE standard 399-1997 [32], with some modifications to
allow the grid and islanded operation of micro-grid as shown in Fig. 1. The proposed
system consists of an ac bus on the left and dc bus on the right side. The ac and dc buses

have corresponding sources, loads, and energy storage systems.

Fig. 1. Proposed ac-dc hybrid micro-grid model system

On the ac bus, seven induction generators of 1MW driven by wind turbines and
two ac loads are connected. Capacitor banks are used at the induction generator
terminals to maintain unity power factor operation at the rated wind speed. A Sodium
sulfur battery energy storage system (NAS BESS) is connected at the common terminal
point of the wind generators. On the dc bus photovoltaic system, energy storage system
(ESS), and three dc loads are connected. ESS at the dc bus is used to provide backup
power to the dc loads if required which is not included in this paper. Two energy
storage systems are needed for bigger plants where the dc loads are critical loads. The
ac bus is connected to the utility grid through a transmission line TL1 and a transformer.
The photovoltaic system is connected with the dc bus via dc-dc converter to extract
maximum power. In between the ac bus and dc bus multiple power converters,

connected in parallel are used. The power converters allow the transfer of power
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between the dc and the ac sides. In the simulation, two power converters are used with
individual rating of 2.5MW. The power converter modeled in the simulation can also
operate in DC/AC mode (inverter mode), however, due to avoid confusion and for
better understanding of the main focus of the paper, any case with inverter mode is not

included in the manuscript.

3. Component Modeling of the Micro-grid System

3.1. Wind Turbine Modeling

Wind turbines capture kinetic energy from the wind and convert it into electrical
energy. The wind turbine output torque and extracted power can be expressed by the
following equations [33]:
Py =2 PCo (DAY, W]

2 1)
where p is the air density [kg/m®], R is the radius of the blade [m], Vw is the
wind speed [m/s], A is the cross sectional area of the turbine [m?]. Cp (A,) is the power
coefficient given by
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where, A(1609) ang Vu isthe tip speed ratio.

om represents the rotor mechanical speed and f is the pitch of the rotor blades.

Pitch control allows limiting of the generator power at wind speed higher than the rated.

3.2. Photovoltaic System Modeling

Photovoltaic systems convert solar radiation into electrical energy. A practical

Photovoltaic system can be modeled by a current source in parallel with a diode and a
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combination of a series resistance and a parallel resistance [34]. The current source
represents the photo current, which is a function of incident solar radiation and
temperature. The diode represents the reverse saturation current due to the p-n junction

of the solar cell while the resistances account for the losses [34].
3.3. NAS Battery

Sodium sulfur (NAS) battery model consists of a variable voltage source with a
series resistance. The voltage is modeled to drop linearly with the state of charge (SOC)
of the battery. Assuming that the battery charge is at 65%, the battery voltage is given
by (3) where Vg is the voltage of the open circuited fully charged battery [31]. The
voltage drop across the battery resistance is assumed to be a constant percentage of the

battery voltage as shown in (3).

Vpar = 0.95xV,
IRyAs =Viar X0.05 (3)

In this work detailed switching model is considered instead of time averaged
model; therefore, the proposed model is simplified a little to speed up the simulation.
The parameters of the proposed micro-grid system are shown in Table I. The total ac
generation is chosen as 7MW. The parameters of the induction generators used are
given in Table II. The NAS battery energy storage system (NAS BESS) is rated at
4AMW. A fixed reference of 5SMW is used for smoothing the output power fluctuation of

the wind farm. The photovoltaic system generates a constant 0.5 MW.
4. Power Smoothing Control Scheme using NAS Battery

The wind power smoothing is performed by the NAS battery energy storage
system at the terminal point of the wind turbine generators. The schematic diagram of

the integrated NAS BESS is shown in Fig. 2. The total capacity of the sodium sulphur
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battery energy storage system is 4MW/2.857MWh. The voltage controlled pulse width
modulation based voltage source inverter is used in the system along with dc-dc
buck/boost converter. The voltage controlled voltage source inverter (VC-VSI) controls
the terminal voltage and maintains it at 1 pu. It also controls the dc link voltage between
the VC-VSI and dc-dc buck/boost converter. The control strategy of the dc-dc buck
boost converter is shown in Fig. 3. The error signal between the line power, Piine, (Shown

in Fig. 2) and reference (smooth) power is fed to the PI controller.

Fig. 2. Schematic diagram of Integrated NAS BESS
Fig. 3. Control block of the dc-dc buck/boost converter.

5. Generic Centralized Supervisory Control Strategy

Generic centralized supervisory control strategy based on parallel connected
multiple power converters is proposed in this paper, which is a novel feature of this
study. The control scheme is called generic as it is applicable to wide range of loading
conditions. The central supervisory unit is designed based on the control scheme which
generates the necessary command signals to perform power management in the ac-dc
hybrid micro-grid system. The CSU also supervises the command signals to real and
reactive power controllers of the individual power converter unit, as detailed in the

following section.

5.1.Central Supervisory Unit (CSU)

The central supervisory unit is the core of the ac-dc hybrid micro-grid system.
The CSU is designed for both the grid and local modes. The main focus of this control
scheme is to ensure power management in the system and control the multiple power
converters during both cases. In local mode, power management is ensured by
controlling the dc loads. In Fig. 1, the proposed model system consists of multiple

power converters and three dc loads. For this mode, the consumption of dc loads can be
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controlled to maintain power management in the system. Multiple power converters are
controlled by controlling the real power. For grid mode operation, only real power
through the multiple power converters is controlled. This indirectly controls the power
flow between utility grid and micro-grid. The terminal voltage at the converter is
controlled for both modes. Figure 4(a) shows the basic diagram of the central

supervisory unit for both operating modes.

Fig. 4. (a) Central supervisory unit for local mode and grid mode (b) control scheme of
real and reactive power through individual power converter.

During local mode operation, CSU generates command signal for the total dc
loads, i.e. PLoct. The CSU also generates, for both modes, the real power command
signals Pc1, Pc2 up to Pcn for the power converters. The real power through each power
converters is adjusted according to the demand. For example, if the rated power of each
power converter is 2.5MW and total power passing through the power converters is 2
MW then the 1% converter operates. If the total power passing through the power
converters is 3MW then the 1% and 2" converters operate. If total power through the
power converters is 5.5 MW then the 1%, 2" and 3' converters operate. This aims to
improve the system efficiency. The command signals generated from the CSU in grid
mode automatically control the power flow between utility grid and micro-grid. Figure

4(b) shows the control block diagram of individual small power converter units, where

phase lock loop (PLL) provides the angle 9o for the abc-to-dg0 and dqgO-to-abc
transformation. The d-axis current controls the real power while the g-axis current

controls the reactive power of the converter.
5.1.1. Local Mode

In local mode, ac loads connected in the ac-dc hybrid micro-grid system and the
smoothened wind power are taken as input to the CSU. The details of the control

scheme for local mode are shown in Fig. 5(a) which is the core work for local mode. In
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order to calculate the power flow through the multiple power converters, first the ac
loads in the micro-grid system are calculated in the first three steps. PLac indicates the
individual ac load demand in the system, G is the conductance, Vu_is terminal voltage at
the ac load and Pg is the base power. Ppact indicates the total ac load demand in the
system. Prota indicates the amount of the power to be passed through the total

converters. In practice, the total ac load can be measured from the system.

Fig. 5. Generic centralized control strategy of CSU (a) local mode (b) grid mode.

Comparing to the value of Proar With the individual converter unit rating, the
command signals, Pc1, Pc2 and Pcn for the multiple power converters are generated in
the system. The symbol n determines the number of multiple converters used in the
system. The powers through the total converters are summed with dc source of
photovoltaic system to obtain the total power flow to the dc loads i.e. Ptotai+Ppy. The
command signal for changing total dc loads Proct is generated from CSU. The total dc
load is changed by ESS connected at the dc bus depending on the generated command

signal.

5.1.2. Grid Mode

For this case, the power management through control of the power flow between
utility grid and micro-grid system is shown in Fig. 5(b) which is the core work for grid
mode. In this case, ac and dc load consumptions in the ac-dc hybrid micro-grid system
are taken as input to the central supervisory unit. The total real power Prot, into the
power converters is calculated where Proai=PLoc-totaL-Pev and it is compared with the
rating of the small unit power converter Praed. PLoc-TotaL indicates the total dc load
consumption and Ppy indicates the power generated from the photovoltaic system.

Through calculation of the amount of power to be passed through the power converters,
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the utility grid power is automatically controlled by the CSU ensuring the power

management in the system.

6. Simulation Results

To verify the effectiveness of the proposed system, simulation analysis has been
performed. Real wind speed data measured in Hokkaido Island, Japan is shown in Fig.
6. Wind farm aggregated model is considered in the simulation. The simulations have

been performed by using PSCAD/EMTDC [35].

Responses of the fluctuating output power of the wind farm, along with the
smooth line power, photovoltaic output power, real power and reactive power provided
by the voltage source inverter with NAS battery ESS are shown in Figs.7 and 8. The
blue color trace in Fig. 7 shows the fluctuating wind farm power output and an almost
straight line in brown color shows the smooth wind farm output Pjine at 5SMW. DC link
voltage of NAS BESS inverter is shown in Fig. 9. Terminal voltage at PCC of NAS
BESS and grid side is shown in Fig. 10. Fig. 8 (Real and reactive power of VSI with
BESS) indicates the performance of the dc-dc converter. As it can be seen from Fig. 3
(Control block of the dc-dc buck/boost converter) that dc-dc converter controls the Piine
with reference to Prer and the result of controlled Piine is depicted in Fig. 7 (smoothen
power). Basically the whole BESS including VSI and dc-dc converter controls the
terminal voltage (Fig. 10), dc link voltage (not shown in the simulation results) and
smoothen power (Fig. 7). (2) The wind power Piine Which is the smoothen power is
controlled by the dc-dc converter. The wind power (the output of the wind farm before
connecting point with battery energy storage system) depends on wind speed. As it can
be seen from Fig. 6 and 7, that Pic wind farm actually follows the pattern of wind speed
from Fig. 6. However, the smoothen power Piine follows the reference Prer (Fig. 3). The

smoothen power is controlled because the fluctuated wind power Pic wind farm might
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cause fluctuation in the frequency of the system. Specially during change over from grid
connected to islanding mode and vice-versa, the micro-grid frequency may result to
fluctuation because of fluctuated wind power. The smoothen power from the battery
energy storage system keeps the systems stable specially during any faulty or critical
condition like islanding mode. Detailed control and simulation results except the major
part of the dc-dc converter are not shown as it is not main focus of the paper hence it is
an additional part. These responses show the effectiveness of the battery model in terms
of smoothing the fluctuating output power of the aggregated wind farm. The
effectiveness of the generic centralized supervisory control scheme to perform the

power management is tested for both grid — and local modes.

Fig. 6. Wind speed
Fig. 7. Wind farm output and smoothen power
Fig. 8. Real and reactive power of VSI with BESS
Fig. 9. DC link voltage of BESS
Fig. 10. Terminal voltage at PCC of NAS and grid

6.1. Local Mode

In section V, it is explained that for local mode operation, the CSU, generates
the command signals for the multiple converters and dc loads to ensure the power
management in the micro-grid system. To verify the effectiveness of central supervisory
unit a test case, involving a wide range of two ac loads Pac1 and Ppac is considered.
The ac load values, the smooth power Pjine and Ppyv are the known values to the central
supervisory unit. The CSU then calculates the real power flow required through the two
power converters Ppc1, Ppc2 and total value of the dc loads PLpct (PLbcitPLpc2tPiLpcs).

All these values are summarized in Table IlI.
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The generated command signals for the two power converters considered in the
simulation, Pciand Pc2 are shown in Fig. 11. Figure 12 depicts the real power through
the power converters. It is observed from this response that the power through the two
power converters follow the command signals Pciand Pc2 (Fig. 11). Figure 13 shows the
total ac and dc loads, PLact and Prpct in the system. It can also be observed from the
system that the CSU effectively adjusts the dc loads, PLpct to ensure power

management.

Fig. 11. Command signal for converters in CSU for local mode
Fig. 12. Real power through power converters for local mode

Fig. 13. Ac and dc loads for local mode

6.2. Grid Mode

In this case, the proposed control scheme ensures the power management in the
ac-dc hybrid micro-grid system by the power flow control between utility grid and
micro-grid system. As for the previous mode, the effectiveness of the CSU is verified
with a test case where, a wide range of two ac loads Piac1, PLacz and three dc loads
PLbci, Puoce, Pupcsare considered. These values and Ppy are the known variables to the
central supervisory unit. The required real power flow through the two power converters
is then calculated by the CSU hence automatically establishing the power flow between

utility grid and micro-grid system. All these values are summarized in Table 1V.

Figure 14 depicts the command signals Pciand Pc2 generated from the CSU. It is
seen from the response that when both of the power converters are turned on, the total
power through the converters is divided into two. In Fig. 15, the utility grid power is
shown which is controlled by the central supervisory unit. It can be seen from Fig. 16
that the power through the two power converters follows the reference signals. Total ac

and dc loads are shown in Fig. 17.
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Fig. 14. Command signal for converters in CSU for grid mode
Fig. 15. Power flow control between grid and micro-grid for grid mode
Fig. 16. Real power through power converters for grid mode

Fig. 17. Ac and dc loads for grid mode

6.3. Real time load

A real time ac load pattern, Poact is considered for the local mode. The load
pattern represents the load consumption of one commercial building. The real powers
Pc1 and Pc2 through the power converters are shown in Fig. 18. The central supervisory
unit performs the dc load control so that the power management is ensured in the

system. The total ac loads P_act and the total dc loads PLpct are shown in Fig. 19.

Fig. 18. Real power through power converters using real time ac load for local mode

Fig. 19. Real time ac load and adjusted dc loads for local mode

Similar to the previous case, a real time ac load pattern P act and real time dc
load pattern Prpcr are considered for the grid mode. The load consumption of a
refrigerator is used in this case for the analysis. The real time ac and dc loads are shown
in Fig. 20. The power flow between utility grid and micro-grid is shown in Fig. 21
which is controlled by the central supervisory unit. Figure 22 depicts the real power Pc1

and Pc2 through the power converters.

Fig. 20. Real time ac load and real time dc loads for grid mode

Fig. 21. Power flow control between grid and micro-grid for grid mode with real time ac
and dc load

Fig. 22. Real power through power converters using real time ac and dc load for grid
mode

7. Conclusion

In this paper, a generic centralized supervisory control scheme has been

proposed to ensure the power management in the ac-dc hybrid micro-grid system. The
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effectiveness of the control strategy has been verified for grid and local modes of

operation with wide range of load and real time load. The significance of the paper is

mentioned below:

Large scale integration of wind farm and simple photovoltaic system in micro-
grid extracted from the benchmark system of the IEEE standard 399-1997 with
modifications.

The multiple converters are controlled precisely for both grid and local modes
with real time loads.

The proper utilization of the small units of the power converters increases the
efficiency of the converter units.

The grid power is controlled during grid mode. The dc loads are controlled
during local mode. Both functions are operated only be controlling the power
converter reference which is less complex and less expensive.

The dc load controlling refers to the power curtailment which is an option in the
event of a worst case scenario of micro-grids. But integration of ESS at dc side,
can solve the power curtailment issue by controlling the reference of the ESS at
dc side from proposed CSU which is again simple and less expensive.

The terminal voltage of the micro-grid is controlled by reactive power
compensation from the power converter.

Integration of NAS BESS performs smoothing of power which maintains the

frequency of the system throughout the grid and local modes.

It can be concluded that the proposed ac-dc hybrid micro-grid system integrated with

NAS BESS along with the incorporation of the centralized supervisory control strategy

turns the system into an enhanced stable and reliable hybrid system ensuring the power

management in the system.
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TABLE I
MICRO-GRID PARAMETERS
Parameters Value
Base MV A of each power converter 2.5 MVA
Base voltage of each power converter 3.6 kV VL
Base current of each power converter 0.40093A
Resistance (TL1) 0.26368Q
Inductance (TL1) 0.0004326H
Length (TL1) 2.06 km
Resistance (TL2) 0.013312Q
Inductance (TL2) 0.00002184H
Length (TL2) 104m
Total AC generation MW
Total DC generation 0.5MW
AC loads Up to 4 MW
DC loads Up to 5 MW
DC bus voltage 1.5 kv
DC link capacitance 100000uF
NAS BESS power 4AMW




Mode

TABLE Il
INDIVIDUAL IG PARAMETERS
Generator Type IGs
MW 1
Stator resistance 0.01
Rotor resistance (pu) 0.01
Leakage reactance (pu) 0.1
Magnetizing reactance (pu) 3.5
Rotor mutual reactance (pu) 0.12
Inertia constant (sec) 1.5
Voltage rating, (KVL) 0.69

Known to the CSU

TABLE Il

KNOWN AND UNKNOWN VALUES TO THE CSU IN LOCAL MODE

Piine | PrLac1

Calculated by the CSU

5 1.5

Piac2 | Pev | P

1.5 052

Pci | Pc2 | Puper

Local

2 0 2.5

1.5

3 |15 |15

3.5

1.5 0

35175 | 175

3.5 | 175

1.75 | 4
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TABLE

v

KNOWN AND UNKNOWN VALUES TO THE CSU IN GRID MODE

Mood Known to the CSU Calculated by the CSU
Piaci | Praca | Pev | Pioct | Pioce | Puocs | P | Par | Pcz | Perip
15 15 05 |2 1.5 1 4 2 2 2
1 1 3 1 0 35117517505
15 2 2 15 15 4512252253
= 2 2 0 1 15 2 2 0 1
0]
15 0 3 1.5 5 45122512251
2 1 2 5 1 3 15 |15 |1
15 15 0 0 .5 0 |0 0 -2
| NASBESS |

Ppv
p e
AC LACL T Paess
Load 1| < DC DC DC
AC < \2'L69/6'6KV Load 1|Load 2|Load 3| ESS DE/DC [
Load 2| PLac2
Pioca|PLocz M Procs| Pioct
<

0.69/6.6KV|

I:)IG7
0.69/6.6KV

TL1

0.69/3.6K P
a2

b2 |—>

IcZ >
.
] PCZ

| Y

Fig. 1. Proposed ac-dc hybrid micro-grid model system
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Fig. 4. (a) Central supervisory unit for local mode and grid mode (b) control scheme

of real and reactive power through individual power converter



Real and Reactive power

Wind Speed [m/s]

[MW and Mvar]

RpquactuaI/Zbase
Xpuzxactuallzbase

| G=R%/ R%u +X%u

| PLac=G*V *Pg |
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Fig. 5. Generic centralized control strategy of CSU (a) local mode (b) grid
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