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Abstract. This paper presents futures from experimental 
investigation of an autonomous small power wind system. The 
envisaged wind system is based on a PMSG (Permanent Magnet 
Synchronous Generator) directly connected to the wind turbine 
shaft, while the DC output load is supplied by a rectifier and a 
chopper. The DC load is considered as a resistive load with wide 
values range. Experimental investigations are provided in partial 
load regime. The power optimization is performed through a 
power loop in two ways: by controlling the electrical power or 
by controlling the electromechanical power. 
 
For the above two situations it is shown how the optimization 
power loop reference and power loop feedbacks can be set, in 
order to obtain maximum electrical power, for each wind speed 
value corresponding to the partial load regime. 
 
It was also highlighted that for a wide range of DC load values 
the mechanical and electrical powers are not constant as it 
should be corresponding to the mathematical model of the 
optimal conversion. This is due to mechanic-electrical subsystem 
processes. The electrical power variation range with the load 
should be provided by the manufacturer in the low-power wind 
system data sheet. 
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1. Introduction 
 
The main EU directives regarding electrical power supply 
from renewable sources, particularly from wind speed, 
requires to each member states an imposed shear. Besides 
high-power wind systems, the low-power wind systems 
are important especially for island locations. 
 
According to the technical literature, small systems 
architecture is based mainly on PMSG, fixed pitch and 
variable speed operation [1], [2], [3]. At high wind speed 
values, the power captured is limited at the rated value 
with passive stall control technique. 

For grid connected wind turbines the electrical power 
optimization in partial load regime, performed for wind 
speed within cut-in and nominal values, is done through 
mechanical power maximization [4], [5], [6]. The 
generator (mechanic-electrical subsystem) has a nearly 
constant efficiency, the only exogenous variable which 
modifies the mechanical power being the wind speed.  
 
At low-powers, the PMSG external characteristics are 
strongly falling [7]. In this paper [7] has been shown that, 
at low wind power systems, in energy conversion chain 
the PMSG electromechanical converter properties matters. 
Taking this into account, the electrical power 
maximization may not be ensured by maintaining the tip 
speed ratio at the optimal value, λ(t)=λopt, [4], [5]. This 
can be done through a particular solution for electrical 
power maximization. 
 
The mechanical power developed by a wind turbine is 
given by: 
 

2 30.5ρ ( )π λ=m pP R v C  (1) 

 
where: ρ – air density; R – blade length, v – wind speed 
and Cp - power coefficient. 
 
Wind turbine power efficiency is given by the power 
coefficient which depends on the tip speed ratio, λ, 
defined as the ratio between the peripheral blade speed 
and the wind speed: λ=RΩ/v.  
 
The Cp(λ) performance curve has a maximum at the 
optimal tip speed ratio (λopt). At this vale the operating 
points are kept on the optimal regime characteristic (ORC) 
which corresponds to the maximum power values [4]. 
Clearly explain the nature of the problem, previous work, 
purpose and contribution of the paper. 
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2.  Theoretical aspects 
 
The approached wind system has the structure presented 
in the Figure 1. It can be seen two control inner loops (the 
current and shaft rotational speed loops) and an outer 
electromechanical power loop. The PMSG is directly 
connected to the wind turbine shaft. It feeds the DC-link 
through a diode rectifier and a buck converter. The wind 
power system load can be adjusted by the chopper output.  
Practically the wind system is composed from two 
subsystems, a mechanical subsystem and an electrical one, 
see the dashed framed parts from figure 1. In partial load 
regime, corresponding to wind speed between cut-in and 
nominal values, the chopper input, α, must ensure the 
optimal wind energy conversion for various values of 
wind speed and/or the local grid load.  
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Fig. 1.  Autonomous wind power system structure. 
 
The power control loop setpoint is given by the following 
expression [4], [7]:  
  

3*
emP K= Ω  (2) 

 
When the power optimization is performed in relation 
with the electromechanical power, K must be set to the 
value given by: 
 

( ) 5
opt 3

1
K=K

2

p opt

opt

C
R

λ
= ρπ

λ
 (3) 

The power loop feedback can be the electromechanical 
power, case when the two subsystems from figure 1 are 
not interacting, and the electrical power, case when the 
two subsystems are interacting. The feedback is chosen 
through the switch S from figure 1. The electromechanical 
power, Pem, from the control loop, is given by the product 
between the estimated electromagnetic torque, Tem, and 
the measured shaft rotational speed, Ω. The electrical 
power is given by the product between the DC current and 
voltage. When the wind speed increases, the power 
controller imposes the increase of the rotational speed 
setpoint, Ω*. This gives a displacement to the right of the 
operating point. At its turn the rotational speed controller 
sets the reference for the current controller. 
 

3. Experimental rig 
 
The wind energy conversion system (WECS) are systems 
for which the real-world validation of various control laws 
through off-line simulations involves new technical 
approaches unconcern the outside wind speed, but in 
controlled wind speed regime [8], [9].  
 
The experimental rig, which comprises the analyzed wind 
system, is a multi-source autonomous hybrid system. This 
is composed of: a diesel engine, batteries, a wind system, 
an inverter, DC and AC loads. The wind turbine shaft is 
directly coupled to Southwest Windpower Whisper 
WHI 200 PMSG. It contains also a Whisper voltage 
charge controller, a charge controller NC25A-
Flexcharge, and 4 batteries BTL 12-200, de 12 V and 
200 Ah. The Danfoss® VLT 5005 Flux Inverter 
controllers an asynchronous motor with 960 rot/min rated 
speed and 3 kW rated power. This means that wind 
turbines of 3 kW maximum rated power can be simulated 
[10]. 
 
The electromechanical wind turbine simulator is build 
based upon the „Hardware-In-the-Loop” – HIL simulation 
concept [4], [11], [12].  
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Fig. 2.  Block diagram of the experimental rig. 
 

 
Fig. 3.  The experimental rig: 1 – diesel engine; 2 – PMSG; 3 – 
asynchronous motor; 4 – batteries; 5 – wind shaft; 6 – software 
(Matlab/Simulink®, ControlDesk®); 7 – frequency converter; 8 – 
Whisper controller; 9 - inverter; 10 – DC load; 11 – workstation 
with dSPACE® board; 12 – AC load; 13 -  Flexcharge controller; 
14 – power supply for transducers; 15 – current and voltage 
transducers; 16 – circuit brakers, fuses; 17 – measurements units. 

https://doi.org/10.24084/repqj11.446 784 RE&PQJ, Vol.1, No.11, March 2013



The hardware/software support of the whale rig is ensured 
by the dSPACE board DS 1103. The rig monitoring is 
possible due to the control desk interface.  
 
The experimental rig, represented in Figure 2, is 
composed of two subsystems: an electromechanical wind 
turbine simulator and a load adaptation circuit in order to 
ensure operation on the ORC. The detailed physical 
structure is given in Figure 3. 
 

4. Experimental results 
 
Often, the DC load is not a battery but a local grid. In 
these conditions, a resistance that varies very widely was 
considered as the DC bus load on. 
 
The main goals of the paper consist in analysing the: 

- wind system operation when the power loop setpoint 
is given by (2), K parameter by (3) and the power loop 
feedback is the electromechanical power or the electrical 
power. the adjustment of the K parameter value has been 
closely studied in order to obtain the optimal regime when 
the electrical power is used as feedback;\ 

- wind systems behaviour at variable wind speed and 
load.  
 
Parameters in relation to which the system is analized are: 
1. wind speed; 2. K coefficient from relation (3) which 
gives the optimal power setpoint with the rotational speed 
in partial-lod regime; 3. DC local load. 
 
The total load resistance, Rs, is composed from 6 parallel 
resistors, each of them having 12.6 ohms, so, at a 48 V 
DC bus voltage the maximum electrical power can be 
consumed. 6 values of the load were considered: 12.6; 
12.6/2; 12.6/3; 12.6/4; 12.6/5 and 12.6/6 ohms in the 
experimental investigations. 
 
The first goal of this paper is detailed in the following. 
From Figure 4 one can see the dependence between the 
electromechanical power (dashed line) or electrical power 
(solid line) and K parameter, for a constant wind speed 
value and load (Rs=2.1 ohms, v=9 m/s). Maximum 
electromechanical power value, corresponding to the point 
A from figure 4, was obtained with K from relation (3).  
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Fig. 4.  Power characteristics at constant load and wind speed 

(usual case) 
 

As one can see, in this case, when K=Kopt, the operating 
point B of the electrical power characteristic is slightly 
different than the operating point B’ (see figure 4). 
 
The maximum electrical power value corresponding to the 
operating point B’ can be reached in two ways:  
1 – either a mechanical power reference it is used, case 
when Kopt is known, but the electromechanical power 
feedback is obtained based on the estimated 
electromagnetic torque; 
2 – either a mechanical power reference it is used, with 
unknown K, while the power feedback is stated after the 
electrical power. 
 
The results presented in figure 5 correspond to case 1. The 
advantage of this case is the fact that the maximum of the 
electrical power (see point B’’ which has the same 
coordinate as point B’) when it is used a power loop 
reference with known K=Kopt. As one can see the 
ordinates of B’ and B’’ operating points are the same and 
correspond to the maximum value of the electrical power. 
These values are obtained at different power optimization 
references. The drawback of this case consists in a higher 
cost due to the electromagnetic torque estimator used for 
electromechanical power computation.  
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Fig. 5.  Power characteristics at constant load and wind speed 

(case 1) 
 
The results presented in figure 6 correspond to case 2. The 
main advantage of this case is the fact that the power loop 
feedback is the electrical power, a signal easy to be 
measured.  
 

0.5 1 1.5 2 2.5 3 3.5

x 10
-3

0

100

200

300

400

500

600
mechanical and electrical power for Rs=2.1 ohms and v=9m/s

K [.]

po
w

er
s 

[W
] Kopt (Pel)

Kopt (Pem)

Pem with feedback
 after Pem

Pel with feedback
 after Pel

P
em

 with feedback
 after Pel

A'

B'

A

B

 
Fig. 6.  Power characteristics at constant load and wind speed 

(case 2) 
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The value of K parameter must be found in order to ensure 
maximum electrical and electromechanical power. This is 
the drawback of this case. Even if K is different, the 
maximum values of the mechanical power are the same 
(see A and A’ points). B’ marks the same maximum value 
of the electrical power as point B’’ from figure 5, even if 
the K is different. 
 
Usually, wind systems are analyzed in relation to wind 
speed and rarely in relation to the load variation. Further, 
it is shown the powers behavior with the load variation, at 
constant wind speed. These results were obtained when 
the feedback power optimization loop is the 
electromechanical power generated as a function of the 
estimated electromagnetic torque. 
 
In Figure 7, DC grid voltage and current variation are 
represented, when the resistive load is changing (Rs), in 
case of two wind speed values (5 and 9 m/s) and for two 
values of the tip speed ratio (7 and 8). The λ=7=λopt is the 
optimal value for which the mechanical power is maximal. 
It is found that the variations are non-linear, which 
suggests that at constant wind speeds, v=ct, and K=0.0016 
which corresponds to optimal power conversion (the 
mechanical power is maximal at every wind speed), the 
electrical and mechanical powers are varying. This can be 
observed in Figure 8. Thus, at low loads the mechanical 
power is high and the electrical power is minimal. At high 
loads the electrical power is high and the mechanical 
power is low. 
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Fig. 7.  DC voltage and current variations with load. The 
experimental points are marked with “*”, “+” and “o”. 
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Fig. 8.  Mechanical and electrical power variations with load for 
two wind speed and tip speed ration (v=5 and 9 m/s; λ=lam=7 
and 9). The experimental points are marked with “*”, “+” and 
“o”). 
 
The explanation of this result is the following: at constant 
wind speed and fixed K parameter the mechanical power 
should be constant (see relation (1)) and the electrical 
power also. In fact, the load variation produces current 
variation that gives changes in iron and copper losses, so 
at small load resistances the electrical power decreases. 
Mechanical power variation is due to the interaction of the 
two subsystems of the wind system: wind-mechanical and 
mechanical-electrical. 
 
5. Conclusion 
 
The power optimization loop can have as feedback either 
the estimated electromechanical power, either the 
measured electrical power. The loop reference can be 
established in relation with shaft rotational speed cube, 
with the K parameter at the optimal value Kopt or at a 
different value then this.  
 In this paper are highlighted two proper solution for 
power loop optimization employing: first when the 
electromechanical power as loop feedback and K is 
known (K=Kopt) and second when the electrical power is 
the feedback of the optimization loop and optK<K   The 

first case has the advantage that there is no uncertainty 
about fixing the power reference, but the drawback is that 
an estimator torque must be employed. Instead, in the 
second case the measured electrical power used as 
feedback is an advantage, with the disadvantage that the 
parameter K must be experimentally established based on 
some test during commissioning of the experimental wind 
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system. According to the financial possibilities, the user 
can choose one of these options  
 
An experimental rig, as the one presented in this paper, is 
very useful in testing wind systems, because its tests do 
not depend on the outside meteorological conditions (wind 
speed). Here, one can set and impose the wind profile and 
this makes this tool suitable for research in automatic 
control of wind systems. 
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