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A hierarchical control structure is proposed for hybrid energy systems (HES) which consist of wind energy system (WES) and
energy storage system (ESS). The proposed multilevel control structure consists of four blocks: reference generation and mode
select, power balancing, control algorithms, and switching control blocks. A high performance power management strategy is used
for the system. Also, the proposed system is analyzed as an active power filter (APF) with ability to control the voltage, to compensate
the harmonics, and to deliver active power. The HES is designed with parallel DC coupled structure. Simulation results are shown

for verification of the theoretical analysis.

1. Introduction

To have sustainable growth and social progress, it is necessary
to fulfil the energy need by utilizing the renewable energy
resources like wind, photovoltaic, biomass, hydro, cogen-
eration, and so forth [1]. Wind energy is one of the most
important renewable energy sources on earth. During the last
decade, there has been heavy growth in both the size and the
power of wind energy converters [1, 2].

In normal operation, wind turbine produces a continuous
variable output power. These power variations are mainly
caused by the effect of turbulence, wind gradient, and tower-
shadow and control system in the power system. Thus, the
network needs to manage for such fluctuations. In the event of
increasing grid disturbance, an energy storage system (ESS)
for wind energy generating system is generally required to
compensate the fluctuation generated by wind turbine [3].

In addition, when an ESS is added to a wind energy
system, the grid-tie inverter in this system can exchange both
active and reactive power with distribution system by varying
the amplitude and phase angle of the converter voltage with
respect to the line terminal voltage. This hybrid system can

improve power quality of distribution system like an active
power filter (APF) [4-8].

To achieve good ability of power quality improvement,
a high performance control system should be designed for
hybrid energy systems [8, 9]. Also, for good interaction
between different sources, good power balancing should be
considered. There are some researches about power balancing
strategy and control algorithm for hybrid energy systems
[10-16] and active power filters [17-19] that present some
techniques. In this paper, a hierarchical control structure
was proposed for hybrid energy systems. It consists of
reference generation and mode select, power balancing,
control algorithms, and switching control blocks. Also, a
high performance power management strategy is used for the
system. With this power balancing strategy, the system could
easily provide ancillary services to grid and acting as an APF
(10].

This paper is organized as follows. In Section 2, firstly,
circuit diagrams of HES are reviewed. Then the proposed
structure for HES and the structure of ESS were presented.
Section 3 describes hierarchical control structure and power
management system was proposed for the system. Finally,
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simulation results and conclusion are presented in Sections
4 and 5, respectively.

2. Topology of HES

2.1. Circuit Diagram. As mentioned in Introduction, HES can
improve power quality of distribution system. There are some
structures for HES. One structure that has been widely used
is AC coupled structure [4]. Figure 1 shows circuit diagram of
an AC coupled structure. This is a shunt-connected inverter
and its DC link is supported using an ESS.

DC-coupled structure is another structure for HES. In
DC-coupled structure the grid voltages and frequencies are
decoupled from other sources. All sources are connected to
a DC link before being connected to the grid through an
inverter.

Cascade structure that has been widely used is based on
the direct connection of a battery bank to the DC bus of the
grid-connected inverter. Figure 2 shows cascade structure. In
this structure, wind power is sent to the battery bank via
a PWM rectifier. The stochastic nature of the wind power
output and power demand leads to a fast charge/discharge
action of batteries and fast battery aging [20].
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FIGURE 3: Parallel DC-coupled structure of HES.

To enable more efficient use of batteries, a parallel DC-
coupled structure has been presented in researches [20,
21]. Figure 3 shows parallel DC-coupled structure. A first
interest is that the battery bank is connected to the DC bus
via a DC/DC converter, thus making it possible to obtain
an optimized charge/discharge operation mode. A second
advantage is that different energy storage can be added and is
also connected to the DC bus via another DC/DC converter.
In this paper, parallel DC-coupled structure is considered for
proposed HES.

2.2. Energy Storage System Structure. In an HES, energy stor-
age system plays an important role. It should supply needed
power for fast fluctuation and long time instability. In this
paper, in order to benefit from various technology advantages
and its simplicity, a battery bank is considered [10, 22].

3. Control System Structure

As mentioned in Introduction, wind turbine produces a con-
tinuous variable output power and it causes some fluctuation
in power system. An ESS can compensate some of this
fluctuation. Also, when an ESS was added to a wind energy
system, the grid-tie inverter in this system can exchange
both active and reactive power with distribution system. This
hybrid system can improve power quality of distribution
system similar to an APF. Hence, the control system of an HES
should have these capabilities.

3.1. Hierarchical Structure (Proposed Structure). The pro-
posed control scheme for the HES has hierarchical struc-
ture. It consists of four blocks: reference generation and
mode select, power balancing strategy, control algorithm,
and switching control block. They are based on concepts
of instantaneous power on the synchronous-rotating dg
reference frame as depicted in Figure 4. Rotating reference
frame is used because it offers higher accuracy than stationary
frame-based techniques [23]. All blocks make use of control
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FIGURE 4: The proposed hierarchical control structure for HES.

variables that are feasible to be locally measured. The follow-
ing sections explains these blocks.

3.2. Reference Generation and Mode Select Block. The “refer-
ence generation and mode select” is responsible for determin-
ing the active and reactive power exchange between the HES
and the utility system. Figure 4(a) shows the structure of this
block. This block has two main modes: mode 1 and mode 2.
In mode 1, HES can deliver active power to power system and
also can enhance voltage profile by reactive power injection.
In mode 2, HES can deliver active power to power system and
also compensate harmonic parts of utility current to reach
unity power factor.

In both modes, active reference is determined to control
the active power exchanged with the electric system. In mode
1, for generating active reference, the average power of wind
system and stored energy was considered. But in mode 2,
the active power required to compensate harmonic parts of
nonlinear current was added.

Reactive reference in mode 1 is determined to control
the voltage at the point of common coupling (PCC) of HES
and power system. This control mode shows a very good
performance in conventional static VAR compensators (with
no energy storage). In this mode, a voltage regulation droop
is used to allow the terminal voltage of the HES to vary
in proportion with the compensating reactive current. The
reference for terminal voltage including droop system is
obtained as follows:

)

Vsref_droop = Vs_ref ~ tinv_out x kdroop’

where i;, . is the output current of grid-tie inverter, v, ¢ is
the reference of line voltage, k4,40, is droop gain determined
by user, and V¢ gro0p is the reference for terminal voltage.
Reactive reference in mode 2 was determined to com-
pensate harmonic and reactive parts of load current. In this

mode, the power factor of power system is equal to unity.

The active and reactive powers, which are exchanged
with the grid, can be calculated through the “two-wattmeter”
method [24]:

Py = Visiy + Va3iy
. . (2)
dg = \/5("13’1 ~Vy35),

where v,; and v,; are line to line voltages, i, and i, are line
currents, and p, and g, are the active and reactive power
exchanged between HES and grid. To generate current ref-
erence of inverter, currents should be extracted from (2) as
follows:

(2V13 - V23) ngef + \/§v23qg,ref
2vi5 = 2v13vy3 + 203

Hinv_ref =

€)
(2V23 - V13) pg,ref + \/§v13qgief
2v3, — 2V 3Vy3 + 205,

Dinv_ref =

Then, the abc currents should be transformed to synchronous
reference frame with Park transform. With this block, pro-
posed HES can improve power quality of distribution system,
in addition to active power delivery.

3.3. Power Balancing Block. In this wind/ESS hybrid energy
system, some power-electronic converters are used to reg-
ulate the power transfer with each source. According to
a chosen power flow, the following two power balancing
strategies were discussed in previous researches [10], “grid-
following strategy” and “source-following strategy”. In “grid-
following strategy” the line-current loop is used to regulate
the DC link voltage and in “source-following strategy” the
line-current loop is used to control the grid active power, and
also the DC bus voltage is regulated with the wind turbine
system and ESS. Comparison of two control strategies shows
the source following strategy has better performance on the
grid power regulation than the grid-following strategy, and
it can provide ancillary services according to the microgrid’s
requirements. In this paper, source following control strategy
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FIGURE 5: Block diagram of simulation setup.

is considered for the HES. Figure 4(b) shows the block dia-
gram of this strategy.

In proposed HES, the reference of gear torque is deter-
mined by

_ Pwind_ref

T, ear_ref — > (4)

g Qtur
where Ty, ¢ is the reference of gear torque of wind system,
Q,,, is rotational speed of gear, and p,;,q ref is the reference of

wind power. The main power balance equation is
©)

where pg,ery is power of battery, pyi,q is power of wind sys-
tem, p;,, is power of grid-tie inverter, and py. . is the
required power for DC link voltage control.

pBattery = Pdcref T Pwind ~ Pinv>

As shown in Figure 4(b), in proposed power balance

strategy, the references of currents of grid-tie inverter (i; i, ref
and i, i, p) are free for power quality improvement.
3.4. Control Algorithms Block. The control algorithms block
makes the expected output to dynamically track the reference
values set by the “reference generation and mode select
block” and the “power balancing block”” This block consists
of current reference generation for ESS control, gear torque
controller for wind power convection via PWM rectifier, and
current control of grid-tie inverter.

The current control design is based on a linearization of
the state-space averaged model of the grid-tie inverter. The
basic equations governing the operation of this circuit in abc-

frame are
dip
Vo — vinva = L<d_ta>’

p

o=, = (52 ©)
0

Ve ™ Vinve = L(#)’

TABLE 1: System parameters.

Parameters Ratings

Grid voltage 3-phase, 380V, 50 Hz
Line series impedance L=.03mH, R =25mohm
Load power 150 kVA

HES power 100 kVA

Wind system power 30 kW

where v, . are line voltages, v;,, . are the output voltages
of inverter, L is the inductance of output filter of inverter,
and i; is current of L. Rewriting (6) in synchronous rotating

reference frame yields [23]

dipg
at | [ 0 w]
diLq - -w 0
dt )
1
. - 0
) |:1.Ld:| AL [Vd —Vinui]
g l Vg ™ Vinvg ’
L

where w = d0/dt is the synchronous angular velocity.
Equation (7) shows a coupling term between d and g
axes which influences the dynamic behaviour of the model.
Therefore, in order to achieve a fully decoupled active and
reactive power control, a feed-forward decoupled controller
is used for inverter. Figure 4(c) shows this controller in detail.

Also, to extract the current reference for output current
of DC/DC converter, power of battery should be divided by
DC link voltage as follows:

p Battery

conv_ref — >
Vdc

(8)

i
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FIGURE 6: Simulation results, mode 1, voltage of PCC (before and after HES working).

where i, ¢ is reference of output current of DC/DC
converter and v, is DC link voltage.

3.5. Switching Control Block. Basic scheme of switching con-
trol block of proposed HES was shown in Figure 4(d). The
switching control block provides dynamic control of input
signals for inverter and DC/DC converter. This level is
responsible for generating the triggering control signals for
the switches of the inverter, according to the modulation

techniques (SPWM) and types of semiconductors (IGBTs)
and for the switches of DC/DC converter.

4. Simulation Results

Time-domain simulations are carried out to verify the theory
described above and evaluate the performance of the pro-
posed control structure. The simulations are performed using
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PSIM software. Block diagram of simulation setup is shown
in Figure 5 and parameters of the system are given in Table 1.

Figure 5 presents performance of system in mode 1
Before t = 90ms HES works as a simple active generator.
Before t = 90ms line voltage is less than reference of line
voltage (Figure 6(a)). After t = 90 ms, HES works with pro-
posed control system and profile of line voltage is enhanced
(Figure 6(a)). A little difference between line voltage and
reference of line voltage is caused by droop system. After
t = 90ms, the active power reference is not changed, but
reactive power reference is increased to compensate line
voltage (Figures 6(b), 6(c), and 6(d)).

Figures 7 and 8 show the performance of system in mode
2.In Figure 7, before t = 720 ms HES works as a simple active
generator. In this time, the current of HES is sinusoidal and
line current is distorted by nonlinear loads. After t = 720 ms
HES works with proposed control system. In this time HES
compensates the reactive and harmonic parts of line current
and line current is sinusoidal.

Figure 8 shows active and reactive power of HES and
power system and its power factor. It can be obtained that,
after HES was changed to mode 2, active power of HES
was not changed significantly and only some variations were
added to it (Figure 8(a)). Also, reactive power of HES was
increased to compensate reactive and harmonic parts of

loads (Figure 8(b)). Figure 8(e) shows power factor of power
system. It can be found that HES could enhance power factor
to unity.

The other set of simulations demonstrates the system
performance in variable DC link voltage (Figure 9). This set
simulates variation in DC link voltage caused by wind
speed variation. Figure 9(a) shows good performance of HES,
despite variation in DC link voltage (Figure 9(b)). This good
performance is because of operation of controller. Figure 9(c)
shows that when DC link voltage is low, output of controller
is increased and when DC link voltage is high, output of
controller is decreased.

5. Conclusion

In this paper, a parallel DC-coupled HES consists of WES
and ESS has been studied. The multilevel control structure
is divided into 4 blocks: (1) reference generation and mode
select, (2) power balancing, (3) control algorithms, and (4)
switching control. Source-following strategy was used for
power management of this hybrid system. With this power
balancing strategy, the system could easily provide ancillary
services to grid and acts as an APE Simulation results confirm
the validity of analysis and design.
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