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Analysis of Conversion Losses in Grid Connected Small Wind Turbine

Systems
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Abstract: This paper presents a comprehensive conversion loss analysis of the Power Conditioning System (PCS) for a
grid connected Permanent Magnet Generator (PMG) and a Wound Rotor Induction Generator (WRIG) based small wind
turbine system. The main focus of the loss analysis is the conduction and switching losses in the semiconductor devices
and PCS. The analysis reveals that the WRIG based system with a slip variation up to 15% could provide higher effi-
ciency than the PMG based system. In particular, a significant improvement is observed at the low wind speed regime in
case of the WRIG based system than the PMG based system. Finally, this paper concludes that the WRIG based system
could be an optimum alternative system for the small wind turbine industry.

1. INTRODUCTION

Wind power is presently a cost effective renewable tech-
nology and provides a continuously growing contribution to
climate change goals, energy diversity and security. Net me-
tering of grid connected small wind turbine systems offers
users a reasonable payback and is an attractive feature of
such systems. Nevertheless, the Canadian small wind turbine
manufacturing capacity is well suited to the farms & com-
mercial market and to the northern communities market,
while a considerable lack in development exist for on grid
connected residential market [1]. The reasons for shadowy
existence of on grid residential market are manifold: high
cost, a lack of technological maturity, insufficient testing, a
complex market with a large number of manufacturers, and
lack of proper standards for the small wind turbine. Besides
this, the most important reason is yet to be mentioned, i.e.,
an overall perspective on contemporary wind turbine
concepts, reliability and performance of power conditioning
systems over the years. Different power conditioning system
could exhibit different conversion losses and efficiency,
which should be analyzed carefully before installation of a
small wind energy conversion system.

Grid connected Permanent Magnet Generator (PMG)
based Small Wind Turbines (SWTSs) typically employ a 3-
phase bridge rectifier and a boost converter stage prior to a
grid connected inverter [2-8]. The boost converter boosts the
voltage of the dc link as required by the inverter. In contrast
to the most common PMG based system as presented in
Fig. (1), a WRIG based SWT system can be considered as an
alternative. Such system is typically used with large wind
turbines. The PCS of such an arrangement is composed of a
3-phase bridge rectifier, a chopper and an external resistance
as presented in Fig. (2). This system requires a costly induc-
tion generator with slip rings but the PCS cost reduce
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dramatically as the rectifiers and switches will cope with the
20% - 30% of the rated power through slip rings. Different
grid connected small wind turbine systems are compared
mainly regarding the efficiency of one system over the other.
This paper introduces the loss analysis and afterwards the
efficiency of the PCS for a PMG and WRIG based system.
The loss analysis is important when comparing different sys-
tems PCS because the losses reduce the average power pro-
duced by the wind turbine and subsequently reduces the in-
come.

The analysis of PCS losses, which accordingly impact the
efficiency of wind turbine system have been studied by nu-
merous literatures in the past [8-20]. There are principally
two approaches of loss analysis of the PCS, which are briefly
discussed here. The first approach is the development of a
non linear loss model of the PCS based on the on-state cur-
rent of the semiconductor devices [8-11]. Because it is easy
to relate the on-state current of the PCS and operating condi-
tions of the wind turbine, it has a relatively simple calcula-
tion and is a good choice while differentiating between sys-
tems. On the other hand, this approach is unable to reflect
the switching losses of the semiconductor devices, which
could be a dominant factor during the high switching state.
Indeed, switching losses have been considered [12], however
excluding the dependency on the actual commutation voltage
or current during conduction loss analysis could lead to an
ambiguous result. The second one is a curve fitting ap-
proach, where the simulation is carried out by considering an
ideal switch and then combines the manufacturers' published
power loss data by using a curve fitting technique. Theoreti-
cally, this approach offers the optimal solution as it considers
both conduction and switching losses of the semiconductor
devices. However, one of the main disadvantages is recog-
nizable; it is hard to rely on the manufacturers' published
data, which can lead to a pessimistic loss analysis of the sys-
tem [13-17]. There have been numerous other methods for
analysis of the PCS losses of wind turbines. Miaosen et al.
[2] have presented the concept of switching device power
loss of the PCS in wind turbine. The maximum device rating
has been considered in the loss analysis. The calculation of
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Fig. (2). A WRIG based topology for small wind turbine system.

the switching losses has not been investigated. The switching
losses have been considered in [18-20] using the same con-
cept, i.e., maximum device rating, however, the calculation
of conduction losses lacks the valid justification as the actual
commutation voltage or current is neglected.

Based on the above discussions, it can be asserted that
most of the attempts for the PCS loss analysis have been
developed based on several assumptions and often neglected
a fraction of the entire PCS power loss. This discrepancy
could affect the preference of an optimum small grid con-
nected wind turbine system that is in a great need for high
penetration of the wind power. As a consequence, this re-
search aims at advancing the use of grid connected small

wind turbine by analyzing a comprehensive conversion loss
analysis within the PCS. The loss analysis presented in this
investigation focuses on the conduction and switching loss of
the semiconductors and total loss in PCS. The variation of
duty cycle of the boost converter for a PMG-based system is
considered as a maximum value. This is due to the fact that
the semiconductor devices will transmit the maximum indi-
rect power, i.e., maximum stress on the devices thus resem-
bles the worst case scenario [21]. The dependence on the
actual commutation voltage and current is also considered by
a linear approximation. Finally, the conversion losses with
the variation of wind speed of the PMG and WRIG based
small wind turbine systems have been investigated for an
optimum grid connected system.
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Fig. (3). Characteristics of the PMG based SWT at the output of the rectifier a) Power, b) Voltage, ¢) Current.

This paper is organized as follows: The operating condi-
tions of such small wind turbine are discussed in the third
section, and the fourth section contains the mathematical
formulation for loss analysis. Results and discussions are
presented and discussed in the fifth section and finally, the
findings of the investigations are highlighted in the conclu-
sions.

2. OPERATING CONDITIONS OF WIND TURBINES

The operating conditions for a PMG and a WRIG based
SWT system must be known for the investigation of losses
occurred in the PCS. For a PMG based SWT, the level of the
DC output voltage at the boost converter remains constant
while output from the rectifier depends on the wind speed,
the generator characteristics and the control strategy. In this
research it has been assumed that the turbine is operated as a
variable speed wind turbine. This signifies that for low wind
speeds to high wind speed, the wind turbine maintains a con-
stant tip-speed-ratio to ensure the maximum power produc-
tion. In addition, when the wind speed increases, the turbine
yaw to an angle, 6 along its horizontal axis because of the
furling action. In Fig. (3a) the output power from the wind
turbine is presented as a function of wind speed. This theo-
retical maximum power of the wind turbine serves as the
dynamic power reference for the both topologies. For the
studied turbine, the cut-in wind speed is about 2 m/s and the
rated rotational speed is reaches at a rated wind speed of 13
m/s, while the cut out wind speed is 17 m/s. Since the PMG
is connected to a diode rectifier (Fig. 1), it is assumed that
the output voltage of the rectifier is proportional to the rota-
tional speed of the generator. The voltage is assumed to be
40V at 2m/s wind speed and 280V at 13m/s wind speed as
shown in the Fig. (3b). Corresponding current curve at the
rectifier output is given by Fig. (3c). Drop in turbine speed
and output voltage above 13m/s wind speed is due to the
automatic furling of the wind turbine. Furling angle in-

creases with the wind speed above 13m/s leading to a re-
duced output power.

3. MATHEMATICAL FORMULATION

A mathematical formulation of the conversion losses is
required in order to compare two topologies. The brief for-
mulation for the conversion loss calculation of a PMG based
topology is derived in the previous paper [22], however, for
convenience, a short synopsis is presented in the following
section followed by the mathematical formulation for loss
calculation of a WRIG based topology.

3.1. Mathematical Formulation for a PMG based SWT

The conduction and switching losses for a 3 phase diode
bridge rectifier can be expressed by (1) and (2) respectively,
while the total losses for a module of 6 diodes is given by (3)
[22]:

Pcd,dDB =Vf0|d 1)
Vv |

p DB _§ E._ _“dt _Tdc 2

e s Vref d Iref d ( )

° = 6Pcd,d + 6Pswd Pcdt‘dDB + Pswt,DBDB (3)

In a similar manner, considering duty cycle,d the con-
duction and switching losses for the diode and IGBT of the
boost converter is given by (4), (5) and (6), (7) respectively,
and their total losses is expressed by (8) [22]:

PcddBC =Idcl(vf0+rd|dc1)'(l_d) (4)
cd IGBT = Idcl (VceO + rce Idcl )d (5)
\Y/ |
PSW,dBC _ fswESR' dc2 . dcl (6)
Vref d Iref,d
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V C I C!
PSW,IGBT % = fsw (EON + EOFF )#L (7)

ref ,IGBT Iref,IGBT
P

t,(d+IGBT)BC = (Pcd,d o+ Psw,dBC )+ (Pcd,IGBT el Pow,iceT % ) (8)

Most of the grid connected SWT systems use a single
phase inverter. Ignoring the snubber circuits, the inverter
power stage consists of 4 switches and 4 anti parallel diodes
as presented by Fig. (1). Considering phase angle, 8 between
the grid voltage and current and modulation index, M , the
conduction and switching loss of a diode and IGBT of the
inverter can be expressed by (9), (10) and (11), (12) respec-
tively [22]:

Parg' = (%—%cos@) .+ (%+%cose)vm l, (9
Povier . = (% + %cose ) rl,.” + (% + %cos@ )Vceo I, (10)
V |
Pswl,leV = l fsw ESR k2 _o (11)
T Vref d Iref,d
INV 1 Vch Io
Pswl,IGBT = ; fsw [EON + EOFF ]Vi | (12)

ref ,IGBT " ref,IGBT

Adding up (9), (10), (11) and (12) provides the total
power loss of the inverter circuit and is expressed by (13)
while the total losses of the conversion stage of the PMG
based SWT is presented by (14):

INV =P

CdleNV + PcdleBTINV + P INV + P INV (13)

sw,d sw,IGBT

BC + P INV (14)

t,(d+1GBT)

Pt,(d+|GBT)

PMG DB
P[ = P[,d + Pt,(d+IGBT)

IV IV IV INV
where, B, ;™ =4R,, ;" and Py o =4Pger and

INV INV INV INV
Psw,d = 4Psw1,IGBT and psw,IGBT = 4Psw1,IGBT

3.2. Mathematical Formulation for a WRIG based SWT

In a WRIG, a variable resistor in the rotor circuit effec-
tively controls the rotor current as well as the speed of the
wind turbine. The approximate equivalent circuits of a 3-
phase WRIG in conjunction with the diode rectifier and
chopper is shown in Fig. (4), which can be obtained by as-
suming that the stator and rotor leakage impedances are ne-
glected as compared to inductor L, . The stator voltage V,,

referred to the rotor circuit, results in a slip frequency volt-
age, sE,. The output voltage, V, of the rectifier can be ex-

pressed as [23].

Arifujjaman et al.
Vo = (3V6say, )z (15)

where, s is the slip and a represents the ratio of rotor to
stator turn.

The losses in the external rotor resistor and chopper are
given by:

PR =V, 1, (16)

I,ex

where, V,, and I is the rectified output voltage and current
at the rotor respectively.

The sum of the losses in the rectifier, external rotor resis-
tor and chopper is equal to the slip power entering to the
rotor. Equating the losses to the slip power and assuming
thatr,, << R, results in:

Iy = e (17)
2V, + 76 fur EISRVD +Vp

ref1 refl

where, Ps is the power delivered by the stator of the genera-
tor and represents the maximum captured aerodynamic
power of the wind turbine.

The total of the losses of the 3-phase diode bridge recti-
fier for the WRIG based SWT is the sum of conduction and
switching losses and is given by:

6 fur ExVolo
A

refl%refl

BLP

WRIG
Pt,d = P sw2,d

cd2,d P8 = Vol + (18)

The losses in the slip ring consist of electrical and fric-
tion losses. The electrical losses are the sum of the resistive
losses in the brushes and slip ring and the loss originated
from the contact voltage drop between the slip ring and the
brush. While, the friction losses are dependent on various
factors, for instance, area of the brush, number of brushes,
friction coefficient, spring force and the speed of the slip
ring. In addition, the electrical and friction losses are also
dependent on the brush material. The electrical and friction
loss due to the rotation of the rotor is described in (19) and
(20) respectively [24]:

P

elec,slipring

WRIG — wa (19)

Pfric,slipringWRIG = Kéw (20)
where, K and K; are the constant that depends on the con-

tact voltage drop and friction coefficient respectively. Thus
the total losses of the WRIG can be expressed by (21).

NyNa Lo
 — LT T d 2 e
! 5 | j =

Fig. (4). Approximate equivalent circuit of a WRIG.
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4. RESULTS AND DISCUSSIONS

The analytical calculations illustrated in the above sec-
tions were carried out to determine the total conversion
losses occurred in two SWT topologies under varying wind
speed conditions. The rated power for the wind turbine is
assumed to be 1.5 kW. The inverter switching frequency is
considered as 20 kHz and to investigate the worst-case sce-
nario of the power loss in this numerical simulation study,
the modulation index is assumed unity and load current is
assumed in phase with the output voltage. The inverter
operates in the linear modulation region while over modula-
tion and under modulation region is excluded from this
study. Another pre-assumption for the simulation study was
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that the inductance used in the boost converter topology is
ideal. The thermal model of the power conditioning system
is also neglected provided that the heat sink is adequate
enough to maintain the semiconductors proper working.
Power wasted in the power supplies of the inverter and boost
converter control circuits is also ignored (It may be between
10-20W).

The conduction and switching losses in the 3 phase diode
bridge rectifier of PMG based system are presented in
Fig. (5) followed by the losses in IGBT and diode of the
boost converter in Fig. (6) as a function of wind speed.
Fig. (7) exposes the conduction and switching losses of the
IGBT and anti parallel diodes of the inverter (Fig. 1) for a
similar wind variation.
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Losses were analyzed for the WRIG based system sub-
jected to same conditions as the PMG based system. Higher
values of slip results in high power loss and vice versa, while
a low variation of slip resembles almost a constant speed
system. A slip variation of 15% (5%, 10% and 15%) is in-
vestigated and the conduction and switching loss for varying
wind speed of the 3 phase bridge rectifier in the rotor circuit
of WRIG are presented in Fig. (8). A WRIG based system
suffers from the dilemmas of power loss in the external rotor
resistor and it is presented in Fig. (9) for a variation of slip as
well as wind speed. The variation of electrical loss with the
variation of wind speed for three different slip values is

presented in Fig. (10). The frictional loss of a slip ring
strongly dependent on speed of rotation and has a linear de-
pendency with the speed of rotation and presented in Fig.
(11) with a variable wind speed and slip.

The variation in total power losses in PCS for a PMG and
WRIG based system is presented in Fig. (12) and Fig. (13)
respectively. The conduction and switching loss results for a
PMG based system discloses that the power loss is more for
a low wind speed (12m/s) rather for a high wind speed (13
m/s) and is due to the furling action. The furling angle varies
abruptly from 10 m/s to 14 m/s and changes are insignifi-
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Fig. (10). Slip ring electrical loss for the WRIG based system.

cance as reaches close to the maximum speed while the volt-
age change has been considered linear from cut in to rated
and rated to cut out wind speed. As a result, the captured
aerodynamic power is asymmetrical on either side of the
rated wind speed and consequently the current. The total
conversion power losses from cut-in to cut-out wind speed
for a PMG and WRIG based system is 374618W and 301044
W respectively, while slip is limited to 15% for the WRIG
based system. The result confirmed that with an upper limit
of 15% of slip variation, a reduced power loss is possible by
using the WRIG based system than a PMG based system.
Fig. (14) depicts the efficiency of the power conditioning

system for a PMG and WRIG based SWT system for a vary-
ing wind speed and slip. As shown in the graph, with the
increase in slip, efficiency decreases for the WRIG based
system over the PMG based system but remains high for the
low wind regime (2 m/s to 11 m/s) and almost same for high
wind regime (11 m/s to 17 m/s), while maintaining a slip of
15%. The typical obstacle of a variable speed PMG based
system is low efficiency at low wind speed that can be
significantly improved using the WRIG based system. How-
ever, low efficiency at low wind speed for a SWT system is
not desirable as SWT mostly faces low wind speed most of
the time during the year [25, 26]. Nonetheless, a higher effi-
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Fig. (12). Total loss for the PMG based SWT system as a variation of wind speed.

ciency of the PCS is achievable by changing the operating
point, i.e., the switching frequency. The losses of power
electronic components typically increase with an increase in
switching frequency and subsequently decrease the effi-
ciency leading to a less efficient system and vice versa. For
low switching frequency, however, the ripple in the current
is substantial, and there could be a considerable difference in
turn-on and turn-off losses. A tradeoff should be made
between the operating point of switching frequency and the
desired performance of the system. An investigation is car-
ried out in order to observe the dependency of the efficiency
on switching frequency for the systems. Recall from section

4.1, a change in switching frequency changes the power loss
in the PCS thus changes the efficiency. The efficiency of the
PMG based system is subjected to switching frequency,
while the WRIG based system is not as the loss analysis as-
sumed that the chopper and external rotor resistance is on for
the entire switching period. The variation of the switching
frequency (10 kHz, 20 kHz and 30 kHz) for the PMG based
system is presented in the Fig. (15). At a lower switching
frequency of 10 kHz, the efficiency of the PCS remains at
90%. This is less than the efficiency typically claimed by
manufacturers’ for the PCS. It should be mentioned that effi-
ciency claim by the manufacturers’ are hard to rely on as the
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Fig. (14). Variation of efficiency with the change in wind speed for both systems.

actual operating condition remain unknown for most of the
time. This is a major concern as users’ typically shift for a
system by assuming that the efficiency of the PCS will re-
main the same as claimed by the manufacturers’ and which
is not the factual scenario. For instance, Bergey wind power
claimed the efficiency of the GridTek-10 inverter system is
92% [27], however, it has been reported by the NREL that
the efficiency is about 86% over most of the operating region
[28]. This research thus conclude that this inconsistency in
the efficiency data mainly originate by the imperfect loss
analysis while evaluating the efficiency of the PCS of a typi-

cal PMG based small wind turbine. As a whole, the WRIG
based system within a limited slip of 15% is capable of
higher conversion efficiency. Power electronics in such sys-
tems will need a reduce cooling and it will simple and low
cost. Furthermore, the WRIG based SWT system offers less
complex control architecture to achieve a same control goal
thus will lead to a higher reliability of the power electronics.
It’s worthwhile to mention that the PMG based system re-
quires more complicated control and power drive circuitry
consequently leading to more power losses and low reliabil-
ity as compared to a WRIG based system.
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Fig. (15). Variation of efficiency with the change in switching frequency for the PMG based system.

5. CONCLUSIONS

The conversion losses analysis of the power conditioning
system for a PMG and WRIG based SWT has been pre-
sented in this paper. The mathematical formulation of the
PCS for both systems has been discussed with the operating
conditions of the wind turbine. The efficiency of SWT sys-
tems for low wind speed is of importance but our loss analy-
sis revealed that the PMG based system mainly dominates
the efficiency at the high wind speed, while the WRIG based
system provides high efficiency at low wind speed as well as
high wind speed. This analysis also indicates that research on
SWT should aim for a WRIG based system rather than the
PMG based system in order to achieve low conversion
losses, less complexity in power electronics, and high effi-
ciency during the conversion.
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NOMENCLATURE

Es Eons Eore = Rated switching, on state and off state
loss energy respectively

for s fsw = Frequency of the wind turbine rotor and
switching frequency respectively

[ = Diode current and maximum amplitude
of the grid current respectively

et g0 loer = Reference and actual commutation cur-
rent respectively

I, 1, = Stator and rotor current of the WRIG

based topology respectively

R,R

e

[ ¢

ce

Vio:V,

Vref d ’Vref LIGBT

\Y

del?

V

ce0

dc2

= Actual and effective resistance of the
rotor

On state resistance of the diode and
IGBT respectively

Diode and IGBT on state voltage drops
respectively

= Reference commutation voltage of the
diode and IGBT respectively

= Actual commutation voltage of the rec-

tifier, boost converter and inverter re-
spectively
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