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Abstract: Enhancing the controllability of small wind turbines (WT) to 
support the frequency in microgrids (MG) requires different solutions than 
for high power WT. This paper presents a sensorless control method for 
small fixed-pitch WT, which includes, besides the primarily function of WT 
optimal control, a power curtailment technique that aims to improve the MG 
stability during adverse operating conditions. Simulation results are 
presented to validate the proposed method. 
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1. Introduction 
 
One concept of the future smart grid 

considers the microgrid (MG) as the main 
building block, where they can operate 
autonomously or interconnected in clusters 
[4]. Aiming towards a sustainable and 
clean way to supply electricity in the 
future, the renewable energy sources 
(RES) will have a major contribution in 
powering the MG. Nevertheless, the 
inherent RES power intermittency and the 
difficult predictability affect the system 
reliability and security, while the stability, 
like the frequency stability, may be 
seriously jeopardized once the RES 
penetration level becomes too high [1]. 

Frequency control represents a main 
component within the control system of an 
MG, being the process involving the 
management of the energy resources 
within the system. Among various control 
methods that can be adopted to ensure the 

frequency stability of an MG [3], [7], [8] 
(e.g. using energy storage and smart 
loads), this paper focuses on the 
controllability of the RES generators in 
order to support the MG. The major 
challenge consist in the fact that RES 
generators output power strongly depends 
on exogenous factors, as weather 
conditions, thus lacking the controllability 
of classical generators. This paper 
proposes a method to enhance the small 
wind turbines (WT) integrated in 
autonomous MGs with frequency support. 
Several studies address the tackled issue 
[2], [9], [15], while the majority focuses on 
high power wind turbines connected to the 
grid. Small WT (kW-range) have much 
less control possibilities on the mechanical 
side (e.g. without pitch mechanism) and 
therefore being more difficult to control 
their output power when demanded [6].  

To be mentioned that this paper 
continues the work from [9], where the 
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optimal control of the WT by means of a 
sensorless method was presented and 
therefore this paper will only focuses on 
the new aforementioned contribution. 

After the introduction, the paper is 
organized as follows: section 2 describes 
the WT components, the proposed control 
method is validated and discussed in 
section 3, while the paper main 
conclusions are highlighted in section 4.  

 
2. System Description 
 

The small WT configuration is shown in 
Figure 1, where it contains a kW-range, 
three-blade, fixed-pitch wind rotor, 
gearless connected to a multi-pole three-
phase permanent magnet synchronous 
generator (PMSG), a diode rectifier bridge, 
followed by the DC side. The rectified 
voltage filtered by a DC capacitor is then 
applied to a boost converter, which 
supplies the DC-link of a single-phase 
inverter to the required voltage level. The 
H-bridge inverter along with a low-pass 
filter accomplishes the interface between 
the WT DC-side and the MG. A DC dump 
load is added to consume the excess power 
produced by the WT in certain conditions, 
protecting both the generator against 
overspending and the DC-link against over 
voltage. 

Controlling the output power of a fixed 
blade WT connected to an MG to support 
the MG frequency represents an important 
feature [12]. In this paper, a sensorless 

control method is proposed to control the 
WT output power and rotor speed, while 
also supporting the MG frequency under 
adverse operating conditions.  

 
2.1. WT-Generator-Rectifier 

 
The subsystem including the wind rotor, 

generator and rectifier is detailed in [9]. 
The mechanical torque produced by the 
wind rotor for a fixed-pitch, horizontal-
axis wind turbine can be expressed by the 
following equation [11]: 

 
,)(5.0),( 132  rwpwrWT vCRv  (1) 

 
where: ωr is the rotor angular velocity, ρ is 
the air mass density, R is the blade radius, 
vw is the wind speed; Cp(λ) is the power 
coefficient of the wind turbine and λ is the 
tip-speed ratio of the rotor blade tip speed 
to wind speed. 

The wind turbine rotor interacts with the 
generator by means of a rigid shaft, and 
therefore a one-mass equivalent model of 
the mechanical drive train is adopted, 
represented by the following expression: 

 

,PMSGWT
r

dt
dJ 

 
(2) 

 
where: J is the combined moment of 
inertia of generator and turbine, while 
ΓPMSG represents the mechanical load 
torque produced by the generator. 

 

 
Fig. 1. The WT configuration 
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The generator mechanical torque can be 
expressed as follows: 
 

,
r

dc
PMSG

PP



  (3) 

 
where: Pdc is the rectifier output power; ΔP 
is the sum of the losses on the generator 
and rectifier. 

The rectifier output DC voltage (Vdc1) 
depends on several operating parameters of 
the generator-rectifier-load system, as 
detailed in [14]. However, for continuous 
conduction mode, when the output current 
is continuous, the DC voltage can be 
approximated by the following expression: 
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where: LS, RS are the resistance and 
inductance of the stator (neglecting the 
cables and rectifier resistances); Vm is the 
magnitude of the PMSG internal line-to-
neutral voltage; ωe = ωr / P is the electrical 
pulsation, with P being the number of pole 
pairs of the generator. 

 
2.2. Boost Converter 

 
The main purpose of the boost converter 

is to raise the DC voltage, which comes 
from the rectifier, at the required level for 
the inverter input, i.e. between 350-400 V. 
It also accomplishes maximum power 
point tracking (MPPT), in order to 
maximize electrical power produced by the 
wind generator. Figure 2 illustrates the 
scheme of the boost converter, whereas the 
control block diagram is detailed in 
Figure 3. The rectified DC voltage value 
(Vdc1) is provided to a look-up table that 
implements a predefined maximum power 
point (MPP) characteristic (shown in 
Figure 4a), which further generates the DC 
current reference (Idc1

*). A PI controller 

amplifies the error between the reference 
and measured currents providing the duty-
cycle of the PWM signal that drives the 
transistor within the boost converter.  

As mentioned before, the proposed system 
is designed to support the MG frequency, 
namely the WT can decrease its output 
power when the MG frequency exceeds a 
certain threshold. This feature is 
implemented in the boost converter control 
(Figure 3b), by applying a curtailment factor 
(kmd) on the MPP characteristic. The goal is 
to deflect the operating point from the 
optimal value, thus reducing the WT output 
power. Figure 4b shows the MPP curtailment 
characteristic function of the MG frequency. 
As the MG frequency increases above 50.5 
Hz, the WT output power is gradually 
reduced down to zero at 51 Hz. 

 

 
Fig. 2. Boost converter 

 

 
(a) 

 

 
(b) 

Fig. 3. Boost converter control: a) overall 
control block diagram; b) current 

reference generation (Idc1
*) 
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(a) 

 

 
(b) 

Fig. 4. WT control characteristics:  
a) Idc1 = f(Vdc1) characteristic; b) MPP 

curtailment coefficient (kmd) depending of 
the MG frequency 

 
2.3. Single-Phase Inverter 

 
The inverter is controlled to inject active 

power and no reactive power to the MG, 
operating as a grid-feeding inverter. The 
control block diagram, shown in Figure 5, is 
based on two PI current controllers applied 

in a fictitious synchronous reference frame 
(SRF) created by means of a frequency-
adaptive quadrature signal generator (QSG) 
[13]. The AC side voltage (vo) is transformed 
in two quadrature voltages voα and voβ, 
corresponding to the α-β stationary reference 
frame. The two voltage components are 
transformed in the synchronous reference 
frame (dq) by means of a αβ-dq 
transformation block, providing the 
unfiltered voltage components Vod and Voq 
after the following equations: 

 
,)sin()cos(   oood vvV  (5) 

 

.)cos()sin(   oooq vvV  (6) 
 
The inverter output current (io) undergoes 

the same transformations, as follows: 
 

,)sin()cos(   oood iiI  (7) 
 

.)cos()sin(   oooq iiI  (8) 
 
Because the MG voltage may be affected by 

harmonics, two Butterworth low-pass filters 
(LPF) are used as shown in Figure 5, resulting 
the voltages Vodf and Voqf. 

A standard single-phase phase-locked 
loop (PLL) is used to synchronize the 
inverter with the MG voltage and to provide 

 

 
Fig. 5. Inverter control block diagram 
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the reference phase θ required by the SRF 
transformations [5]. As additional signal, 
the PLL also provides also the MG 
frequency, which is used by the MPP 
curtailment control block. 

A DC-voltage controller (PIdc) gives the 
active power reference (P*), while the 
reactive power reference is set to zero (no 
voltage support is implemented in this 
case). The reference currents Iod

* and Ioq
* in 

d-q reference frame are generated using the 
reference active and reactive powers P*, Q* 
and the two filtered voltage components 
Vodf, Voqf in d-q reference frame, as follows: 
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The output voltages resulting from the 
two current controllers (PId, PIq) are added 
with the unfiltered voltage components Vod 
and Voq, in d-q reference frame (this is a 
voltage feed-forward to improve the control 
performance). The resulting two signal 
components will be transformed to the 
stationary reference frame, where only the α 
component (the real voltage component) is 
used to control the inverter. 

 
2.4. MG Model 

 
In order to validate the proposed WT 

system within a weak grid, a dynamic MG 
model was used, were the frequency varies 
according to the active power balance. The 
MG voltage is considered not affecting the 
frequency control mechanism. Therefore, 
the MG frequency deviation when 
changing the active power is defined as 
follows [10]:  
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(11) 

 
where: Δf - MG frequency deviation 
following a disturbance; ΔPd - active power 
change; TR - composite time constant of 
the primary frequency (speed) control of 
the regulating units within the MG; λMG -
composite power-frequency characteristic 
of the MG; M = 2H - composite inertial 
time constant of the MG; D - damping 
coefficient. 

 
3. Results and Discussion 

 
A 4.5 kW WT was modeled and 

simulated in Matlab/Simulink and the main 
results are discussed in the following. 
Figure 6 shows the steady-state 
characteristics of the output power and the 
MPPT effectiveness, defined by (12), 
when the WT operates in normal 
conditions, namely no MPP curtailment is 

applied. It can be observed that the system 
behaves as expected, extracting maximum 
power up to the rated wind speed (around 
10.5 m/s) and maintaining constant the 
output power by decreasing the 
aerodynamic efficiency as the wind speed 
further increases: 

 

,100[%]_
max






WT

measWT

P
PEFFMPPT  (12) 

 
where: PWT-meas, PWT-max are the WT measured 
and maximum available mechanical powers 
at a given wind speed, as defined by (1). 

In order to assess the WT operation under 
variable MG frequency, a 20 kW MG model, 
as described in section II-D is implemented. 
The MG is subjected to an adverse operating 
scenario, where the generation level exceeds 
the consumption and the frequency 



Bulletin of the Transilvania University of Braşov • Series I • Vol. 6 (55) No. 2 - 2013 
 
94 

substantially increases, thus highlighting the 
proposed power limitation method. A 
variable wind speed signal, as illustrated in 
Figure 7, is applied to the wind turbine to 
mimic a wind gust. Two cases are 
considered, with and without applying the 
proposed MPP curtailment. Figure 8 shows 
the inverter output power and the MG 
frequency, whereas the variation of the 
curtailment coefficient kmd and the MPPT 
effectiveness are shown in Figure 9. 

 

 
Fig. 6. Steady-state characteristics:  

Po = f(vw) - top; MPPT_EFF = f(vw) - bottom 
 

Initially, at t = 1 s a heavy load loss is 
simulated, which leads to a frequency 
increase above the 50.5 Hz threshold. After 
t = 1.5 s, when the wind gust is applied, the 
MG frequency further increases due to the 
energy excess. As one can see in Figure 8, 
without the proposed method the frequency 
goes up to approximately 50.9 Hz and the 
WT operates at its optimal operating point. 
In the second case, with MPP curtailment, 
the frequency excursion decreases with 
approximately 0.1 Hz. It can be clearly 
observed that, during the time the MG 
frequency surpass the 50.5 Hz threshold, 
the value of kmd decreases below 0.5, while 
the MPPT effectiveness drops dramatically. 
The WT output power is reduced by 1 kW, 
thus supporting the MG frequency. 

Regarding the WT rotor operation, 
Figure 10 shows how the mechanical 
power and the rotor speed dynamically 
change during the wind gust. The first 
curve, from A to B, corresponds to the case 
when the WT operates at its optimal power 
regardless the MG frequency, thus no MPP 
curtailment is applied. In the other case, it 
can be clearly seen that the new operating 
points (A1, B1) no longer follow the optimal 
power-speed characteristic because of the 
curtailment coefficient (kmd) action.  

 

 
Fig. 7. Wind speed variation 

 

 
Fig. 8. Inverter output power and MG 
frequency, with and without the MPP 

curtailment technique 
 

Therefore, as Figure 10 shows, the WT 
will operate with a certain power reserve 
(or spinning reserve), depending on the 
wind speed and MG frequency deviation. 
By this way, the WT can release the power 
reserve when the MG requires in a similar 
way the conventional power plants do. 
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However, the cost of the energy loss when 
not harvesting the full wind potential must 
also be considered. Therefore, it is 
recommended that the operation in this 
mode to be shortened as much as possible. 

 

 
Fig. 9. MPP curtailment coefficient and 

MPPT effectiveness, with and without the 
MPP curtailment technique 

 

Fig. 10. WT mechanical characteristics, 
with loci of operating points, under 

variable wind speed conditions 
 

4. Conclusions 
 
This paper presented a sensorless control 

method for small wind turbines that are 
integrated in autonomous microgrids. The 
proposed method enhances the WT control 
system with a frequency supporting 

function aiming to reduce the WT output 
power when the MG frequency exceeds a 
certain value (50.5 Hz). The maximum 
power point tracking (MPPT) is ensured by 
a predefined static characteristic. A 
curtailment coefficient, which depends on 
the MG frequency, is used to deflect the 
WT operating point from the optimal MPP 
characteristic in order to reduce the 
aerodynamic efficiency and the WT output 
power. Simulation results validate the 
proposed control methods in both steady 
state and dynamic operating modes. It was 
proved that the WT could effectively 
support the MG stability during over-
frequency periods.  

Future research is intended to be 
developed towards further improving the 
transitory regime of the MG frequency by 
exploiting the inertial response capability 
of the small WT. 
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