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Abstract— Power generated by wind turbines changes due
to variation in wind speed that is independent of the load
power. Rechargeable batteries could be used as a reserve power
source to alleviate unbalance between the load power and
power generated by wind turbines. A supervisory controller is
proposed for an integrated wind turbine–battery system (wind
turbine electrically connected to a rechargeable battery). The
switching conditions for wind turbine controller operating in
multi-input and single-input control modes are discussed. Sta-
bility of the wind turbine controller switching between the two
modes is analyzed using linearized, open-loop approximation of
wind turbine dynamics at the switching instants. A Common
Quadratic Lyapunov Function (CQLF) is established for both
control modes to prove the system stability. Simulation results
demonstrating system stability are also discussed.

I. INTRODUCTION

Wind is a clean and renewable energy source that is
important to the nation’s energy security and environmentally
sustainability [1], [2]. However, wind energy harvesting
in the United States has been low and accounts for only
2.4% of the total electricity supply [3], [4]. A major factor
preventing wind energy from becoming a larger contributor
is wind power intermittency and its impact on the power
grid [1], [5]. The electricity generation from the wind and the
consumption from the load must remain balanced to maintain
the grid stability. Current approaches to address the wind
power intermittency are through wind farm site selection and
capacity reserve [6], [7], [8]. Wind farms are selected where
the wind source is most stable so that the load demand can be
easily followed. There are many forms of capacity reserve,
including spin reserve, pumped hydroelectric storage, and
compressed air storage [9], [10], [11].The spin reserve is
commonly in the form of fossil fuel power plants, and
thus has an adverse impact on environment [1], [8]. Both
pumped hydro and compressed air methods are limited by
the availability of sites and suitable geology [1]. A super grid
concept was proposed to achieve the overall grid balance by
moving bulk electricity from one place to another over great
distances. However, the enormous capital investment and the
complexity of system level control renders such a system less
feasible [12], [13], [14].

A rechargeable battery has been considered one of the
most promising capacity reserve technologies for wind en-
ergy due to its zero emission operation and geographical
independence. Based on a Department of Energy (DOE)
analysis, a total storage capacity of 5 GWh is required
to boost the total wind energy contribution to 20% of the
nation’s overall energy portfolio [1]. This is achievable with
advanced Li-ion or a relatively low cost dry cell battery

Fig. 1: Integrated wind turbine and battery system

technology. The key is to maximize the wind energy capture
while still maintaining the health of the batteries.

Integrated wind turbine and rechargeable battery system
as shown in Fig. 1 present significant challenges for control
design. Most existing wind turbine systems do not have a
battery storage component. Since meeting load demand is the
top priority, existing wind turbines are designed to operate
in high wind speed regions, where the available wind power
normally exceeds the load demand. Excessive wind power
is allowed to pass through without being captured. In an
integrated wind turbine and battery system, the amount of
wind power captured can be maximized by storing the extra
energy in the battery. In order to do so, both the blade pitch
angle β of the rotor and the generator torque τ need to be
controlled, since the maximum power capture by a wind
turbine is a nonlinear function of both τ and β [15]. The
battery operation adds additional constraints to the system.
To prevent rapid battery aging, the charging and discharging
power has to follow certain characteristic profiles after the
battery state of charge (SOC) reaches certain limits (e.g.,
60% for charging and 20% for discharging) [16]. Falling
below the SOC limit in discharging can be avoided by battery
sizing in the design stage. In charging, however, the wind
turbine output has to be regulated by adjusting the blade
pitch angle β , similar to the case of load following. Overall,
the control of an integrated wind turbine and battery system
switches between two modes as shown in Fig.2 : a MISO
(Multi Input Multi Output) mode where the control objective
is to maximize the wind power capture by controlling both β

and τ , and a SISO (Single Input Single Output) mode where
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Fig. 2: Control block diagram of Integrated wind turbine and
battery system

the objective is to avoid rapid battery aging by regulating
only β .

Theoretically, a switched (or hybrid) system is a dynamical
system described using a mixture of continuous/discrete
dynamic and logic based switching. An example of the
switching between MISO and SISO modes can be found
in wireless communication applications, where the commu-
nication channels are reused to reduce energy consumption
[17]. The communication protocol switches between sending
multiple signals to one antenna and sending one signal to the
same antenna. For this application, the inputs are separated
and not necessarily linked by any relationship. The two
inputs and the one output of the integrated wind and battery
system, on the other hand, are linked. Therefore the control
designs for these two types of systems would be different.

The integrated wind turbine and battery system is a new
engineering application. The dwell time between different
operation modes affects the overall system efficiency for
wind energy harvesting. Prior to exploring control design
for dwell time estimation, an essential first step is to achieve
the system stability during switching. This research focuses
on the stability analysis of switching between MISO and the
SISO modes. In Section II, we discuss dynamic modeling of
the integrated system in MISO and SISO modes. Switching
stability of linearized wind turbine dynamics is analyzed
in Section III. Section IV describes simulation results and
finally, the paper is concluded in Section V.

II. MODELING OF THE INTEGRATED WIND
TURBINE AND BATTERY SYSTEM

The dynamic representation of the wind turbine in a
switched system has been investigated by authors in [18],
[19]. The dynamic model of the integrated system can be
represented as [18], [19]

ω̇ =
1
J
(

π

8
D2

r ρairCp
v3

w

ω
− τGr) (1)

where Dr is the turbine rotor diameter, ρair is the density of
air, vw is the input wind speed, ω is the turbine rotor speed,
J is the combined rotational inertia of the rotor, gearbox,

Fig. 3: Wind turbine power coefficient

generator, and shafts, Gr is the gearbox gear ratio defined
as the generator shaft speed over the rotor shaft speed, τ

is the generator torque and Cp is the power coefficient that
measures how effectively the wind energy is being converted
to mechanical energy. It is a non-linear function of the blade
pitch angle β and the tip speed ratio λ

Cp = f (λ ,β ) (2)

The tip speed ratio can be expressed as

λ =
ωDr

2Vw
(3)

Depending on the values of β and λ , the power coefficient
Cp slides on the surface shown in Fig. 3. This surface is
constructed based on available wind turbine data and a CFD
model [20]. The first term on the right-hand side of (1)
determines the wind power that can be captured. The second
term is the power at the generator end.

Figure 2 shows the control block diagram of an integrated
wind turbine rechargeable battery system. The primary ob-
jective of the system is to satisfy the load demand Pload with
combination of wind turbine and battery power and thus
reducing variations in wind power. Meeting this objective
means battery needs to be recharged from time to time. There
are three inputs to the system: 1) Pload is the load requirement
2) vw is the wind speed and 3) Pb limit is the charging -
discharging power threshold for rechargeable battery. Blade
pitch angle β and generator torque τ are the control inputs
to control power generated by the wind turbine. Depending
on values of the wind speed vw, load power Pload and status
of available battery power, the system operates in one of the
two control modes:

1) MISO: when the available wind power is not sufficient
to meet Pload and Pb limit, both τ and β are used
to control the turbine speed in order to reach the
maximum Cp, thus achieving the maximum power.
This is MISO mode.
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2) SISO: when the turbine can generate more power than
Pload and Pb limit, the generator power is limited to the
sum of Pload and Pb limit

τωGr = Pload +Pb limit (4)

which yields

τ =
Pload +Pb limit

ωGr
(5)

By substituting (5) into (1), we have

ω̇ =
1
J

(
π

8
D2

r ρairCp
v3

w

ω
− Pload +Pb limit

ω

)
(6)

Equation (1) indicates that the pitch angle β alone is
sufficient to control turbine speed in order to achieve the load
following. The system switches between the MISO and SISO
modes represented by (1) and (6) according to switching
conditions based on the available wind power, load demand
and status of available battery power. Even though the wind
turbine could be represented by a straightforward linear
model after much simplification, the switching control design
is much more complicated. This is a common characteristic
shared by many switched systems [21], [22].

A common approach to wind turbine control is to partition
the turbine operation into two main regions according to the
wind speed [23]. In low speed region, the control objective is
to maximize wind energy capture while in high speed region
the objective is to limit the captured wind power up to a safe
electrical and mechanical load limit. The switching between
these two regions depends solely on the input wind speed. It
is also not desirable for the wind turbine to switch back to
low speed region because without another power source the
wind turbine along will not meet the load demand. Therefore,
the switching between regions does not happen often. How-
ever, for an integrated wind turbine–battery system described
above, the switching between control modes occurs more
frequently and it depends not only on the wind speed but
also on the load power and the battery’s charge status.

III. WIND TURBINE CONTROLLER STABILITY

In this section, we analyze the stability of the wind turbine
dynamics that switches between MISO and SISO controllers.
One of the well known and standard methods in switching
system stability analysis is the use of converse theorems to
find common quadratic Lyapunov function (CQLF) [21]. In
order to use the converse Lyapunov theorems, the integrated
system needs to be linearized; local linearization of the wind
turbine system will provide a good approximation of the
dynamic system within a small region.

The wind turbine dynamics in MISO mode (1) can be
linearized around a switching point ω0,β0,τ0,vw0 as follows:
Equation (1), more generally, can be written as

ω̇ = f (ω,β ,τ) (7)

to emphasis ω is a system variable and β ,τ are control inputs.
Linearizing (7), we have

Fig. 4: Switching with strong and weak CQLF

ω̇ = f (ω0,β0,τ0)+
∂ f (ω,β ,τ)
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Substituting f from (1), the above equation becomes

ω̇ =
1
J

(
π

8
D2

r ρairCp0
v3

w0
ω0
−Grτ0

)
+
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(
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Note that the wind power coefficient Cp map is continuous
and smooth as shown in Fig. 3. Additionally, wind turbine
and battery parameters, such as the Cp and the battery ca-
pacity fade, change slower than the switching dynamics and
can be considered constant during the switching period. This
quasi-steady value of Cp at the switching instant assumes to
be Cp0. Equation (8) is simplified to

ω̇ =
1
J

(
π

8
D2

r ρairCp0
v3

w0
ω0
−Grτ0

)
+

1
J
(

π

8
D2

r ρairCp0v3
w0)
−1
ω2

0
(ω−ω0)−

Gr

J
(τ− τ0) (9)

The generator torque τ is a control input and as such it
can be set independently of the rotor speed. Here, we focus
on open-loop system - system without control inputs - as a
first step in stability analysis of the integrated system. Not
considering input τ and constant terms, (9) can be written
as an open-loop system

ω̇ =− c1

ω2
0

ω +2
c1

ω0
(10)

where c1 is defined as c1 =
1
J (

π

8 D2
r ρairCp0v3

w0).
Similarly SISO system in (6) can be linearized at a

switching point ω = ω0 with the corresponding Cp0 and vw0
as follows:

ω̇ =− 1
ω2

0
(c1− c2)ω (11)
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where c2 =
1
J (Pload +Pb limit).

Equations (10) and (11) form open-loop, linear and time-
invariant approximations of the original system in (1) and (6),
allowing us to apply standard techniques of stability analysis.

According to the converse Lyapunov theorems [24], a
switched system consisting of two or more linear time
invariant (LTI) subsystems defined as

ΣAi : ẋ(t) = Aix(t),Ai ∈ Rnxn, i ∈ 1,2, . . . ,m

is a stable switching system if:
1) All Ai are Hurwitz;
2) There exists CQLF for all LTI subsystems Ai.

The sufficient condition for the existence of a CQLF is that
a matrix P = PT > 0,P ∈Rnxn should simultaneously satisfy
Lyapunov equations

AT
i P+PAi =−Qi, i ∈ 1,2, . . . ,m (12)

If Qi > 0,V (x) = xT Px is said to be a strong CQLF but for
Qi ≥ 0,V (x) = xT Px is said to be a weak CQLF [21].

It is obvious to observe that the state transition matrix in
(10)

AMISO =− c1

ω2
0

is Hurwitz because c1 is positive during wind turbine opera-
tion. For linearized system in SISO mode, the state transition
matrix in (11) is

ASISO =− 1
ω2

0
(c1− c2)

The system switches from MISO to SISO mode when wind
energy capture is larger than the combined load and battery
threshold power. Therefore, at the instant when the system
switches to the SISO mode the following inequality holds.

π

8
D2

r ρairCpv3
w ≥ Pload +Pb limit (13)

which means c1 ≥ c2, thus making ASISO Hurwitz. By
choosing P = PT = 1 and substituting in (12), we have

QMISO = 2
c1

ω2
0
> 0 and QSISO = 2

1
ω2

0
(c1− c2)≥ 0

So there exist a weak CQLF,

V (ω) = ω
T Pω = ω

2

for the integrated wind turbine with battery system, estab-
lishing Lyapunov stability.

At the switching instance, if c1 > c2, then there will be
a strong CQLF implying that the system is asymptotically
stable. It is desirable to achieve asymptotic stability in SISO
mode so that the system could be robust to errors. In order
to ensure asymptotic stability in SISO mode, the following
must be satisfied

c1 > c2 (14)

It is clear from (14) that the c1 needs to be increased and/or
c2 be decreased. Examining the c1 definition, we realize c1
cannot be increased as it is proportional to the power from

the turbine at a switching instant and the turbine is most
likely to be operating at maximum Cp when switching from
MISO to SISO mode. Even if the turbine is not operating
at maximum Cp, the dependence of c1 on wind speed and
nonlinear, smooth Cp map rules it out from increasing it. On
the other hand, c2 is proportional to the generator power,
which can be limited to lower value than the one proposed
in Section II. Defining a new term c′2 to represent a reduced
value of c2,

c′2 = Pload +Pb limit− γ (15)

where γ > 0. Since the load power cannot be manipulated,
decrease in c2 is achieved by reducing the battery charging
threshold Pb limit by γ . In practice, this translates into slower
battery charging rate.

With the reduced generator power, the switching condition
from MISO to SISO in (13) is modified as

π

8
D2

r ρairCpv3
w > Pload +Pb limit− γ (16)

Figure 4 shows the power vs. wind speed plot for a typical
variable speed turbine with variable pitch control. Wind
speed Vww in that figure is the switching wind speed in case
of weak CQLF. Lowering the switching power threshold
by γ in order to ensure strong CQLF will result in lower
switching wind speed Vws as shown in Fig. 4. This is not
desirable as generated power will be limited at lower wind
speed resulting in lower wind energy capture. However, the
difference ∆c= c1−c′2 determines the rate of convergence in
SISO system and it is desirable to have a larger ∆c for faster
convergence in SISO mode, which implies lower switching
wind speeds. There is a trade-off between the system stability
and the wind energy capture. An optimal point should be
defined.

To reflect the lower limit on generator power expressed in
(15), the SISO dynamics in (6) is changed to

ω̇ =
1
J

(
π

8
D2

r ρairCp
v3

w

ω
− Pload +Pb limit− γ

ω

)
(17)

and the switching condition from SISO to MISO is modified
to

π

8
D2

r ρairCpv3
w < Pload +Pb limit− γ (18)

Above stability analysis is for linearized, autonomous system
– an ideal situation. Studies will be conducted to include
effects of control inputs, nonlinearities, disturbances other
than the wind speed, plant uncertainties and the delay of the
generator torque actuator when it switches in and out of the
control loop.

IV. SIMULATION RESULTS

To validate the stability of the system when it switches be-
tween MISO and SISO modes, simulations were performed
on a system with following parameters:
• Rated Wind Power = 100 kW
• Rotor Diameter(Dr) = 18.5 m
• Rotor Inertia (J) = 26000 kg m 2

• Maximum Power Coefficient (Cpmax) = 0.4412
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(a) Wind turbine power (b) Power Coefficient (c) Rotor Speed

Fig. 5: Constant wind speed system variables

• Battery charging - discharging power threshold (Pb limit)
= 5 kW

• Load demand (Pload)= 25 kW
The system is simulated under three different wind speed

conditions; In the first case, the wind speed and power
demand is held at a constant value. For the second case, the
system is simulated with wind speed data based on real wind
measurements but the power demand is constant. In order to
assess the effects of varying load demand, third simulation
was performed with real wind measurements and varying
load demand.

A. Constant Wind Speed and Load Demand

We choose 6.5 m/s wind speed as the input to the system
so that switching condition in (13) is not true. It will ensure
the system starts in the MISO mode and stays in it. The
primary objective in the MISO mode is to maximize wind
power capture. It is achieved by using control inputs β and τ

to drive turbine towards maximum power coefficient Cpmax
according to controller described in [23]. Figure 5a shows
wind turbine power vs. time. Power gradually increases as
the system moves toward Cpmax as shown in Figure 5b till it
reaches maximum of 20 kW. Figure 5c shows that the rotor
speed is stabilized at 5 rad/s after the controller has achieved
its objective of attaining Cpmax.

B. NREL Wind Profile Data and Constant Load Demand

National Renewable Energy Laboratory (NREL) provides
datasets of wind speed measurements at 10 minute intervals
recorded across the US [25]. For the control design, higher
resolution wind speed data is needed. So the power spectral
density of an NREL dataset is calculated in order to extract
wind speed at a higher resolution in time domain [26]. Figure
6a shows the extracted wind speed, which varies at high
frequency, for 200 s. Even though the wind speed varies at
high frequency, the turbine responds to slower wind speed
variations due to its large inertia.

Figure 6a also shows wind speed after applying a low
pass/moving average filter that averages data over 10 s. The
system starts in the MISO mode during which the controller
drives the system toward Cpmax (Cp is shown in Fig. 6c) but
before it can reach Cpmax, the rapidly increasing power (in
Fig. 6b) reaches the limit set by Pload + Pb limit (30 kW).

(a) Wind speed (b) Wind turbine power

(c) Power coefficient (d) Controller modes

Fig. 6: Simulation with NREL wind profile data

So the controller switches to SISO mode at 18 s when
both power and Cp stop increasing as shown in Fig. 6b and
6c respectively. In this mode the controller objective is to
limit power to 30 kW. From this point on, the controller
continues to switch between two modes, as shown in Fig. 6d,
in response to wind speed variations while meeting control
objectives. Due to its large inertia, it is impossible for wind
turbine to maintain power at a single value in changing
wind, however the power overshoot/undershoot is limited to
2 kW as seen in Fig. 6b. Figure 6c also reveals that Cp
is slowly increasing, however intermittently, across stable
control mode switches from 18 s to 200 s.

C. NREL Wind Profile Data and Varying Load Demand

This case simulates the effect of varying demand power
on switching stability. The demand power is simulated to
vary between 25 to 30 kW. It follows the pattern of the
daily power requirement in California documented in [27],
where the demand gradually rises throughout the day but
falls quickly during the night. Figure 7b shows the demand
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(a) Varying Wind Speed (b) Wind turbine power (c) Rotor Speed

Fig. 7: Varying load demand simulation

power and turbine power. The wind speed input from NREL
data is shown in Fig. 7a.

The system starts in the MISO mode during which the con-
troller drives the system toward Cpmax. The rapidly increasing
power (in Fig. 7b) reaches the limit set by Pload +Pb limit (30
kW). So the controller switches to SISO mode at 60 s and it
starts to track the demand power until 326 s when a low wind
speed forces the system to switch to the MISO mode. Similar
to case B, it is impossible for a wind turbine to maintain its
output power at a single value in a changing wind speed,
however the output power to the grid from an integrated
system could be more stable due to the ability of battery to
absorb/supply any overshoots/undershoots in turbine power.

V. CONCLUSIONS

We have presented a supervisory switching controller for
an integrated wind turbine and rechargeable battery system.
Switching between wind turbine control modes is determined
not only by the wind speed but also by the load demand and
the battery’s charge status. Switching stability of linearized
system has been established using CQLF function. Simula-
tions were performed under varying wind speed conditions
to demonstrate the system stability.
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