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CHAPTER I
INTRODUCTION

1.1 Small Wind Turbines vs. Tandem Direct-Drive Synchronous
Generators

Wind energy conversion system is orfe 0f the most emerging renewable energy
technologies. It covers the wide range of power production; with a few tens of kW to
multi-MW size wind turbines, and tends to be a mainstream of the electrical power
production in several countries: In Thailand, 1t-is, though, in the state of feasibility
study for employing the wind energy as an alternative energy source, some small-
scaled wind turbine systems+have been installed increasingly in some areas. On the
other hand, in Laos, t?%rmty generation 1s mainly the conventional hydro power
plant. However, the t of wind.energy conversion technique can be indirectly
adapted for the small Vw:power g'eneraEdn In the near future.

Regarding low 9541 medium. wmé' speeds in the Southeast Asia region, the
small wind turbines s to be the approﬁrlate technology. The small wind turbines
(SWTs) range from a fevyrwatts up'to. 100 KW “which includes the micro SWTs (up to
1 kW), the mini SWTs (up to 10 kW) and..-‘i;he midi SWTs (up to 100 kW) [6]. The
technology trends of SWTs ate towards thé use of multi-pole permanent magnet
synchronous generators (PMSGs) with direct drives. The direct-drive (DD)
technology can avoid the drawhaeks from théuﬂhzatlon of bulky mechanical gearbox
in comparison to conyventional geared-machine wind turblqes

| " .;l.v

30000 = —28@00—@7—@@@)
25000 21600 (540€) ———
' 20000 ‘ —
g l
— 15000 ] —
8 o o/
E 10000 I] q— a &l
5000 1700 . —
0
350 W 571W 1285 W
Local DD Generator |Import* DD Generator| Import* DD Generator
Generator's rating

Fig. 1.1 Comparison of PMSG Costs between local and import DD generator.
(* provided by: ALXION Co., Ltd. [France], Exchange rate: 1 € = 40 baht)
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Recently, the DD motors are widely used in the home appliances, washing
machine for instance. Such motors are the multi-pole synchronous machines which
can be suitably applied as the generators for the micro SWTs. Fortunately, as a
manufacturing base of home appliances, the low-cost DD machines; as for the spare
parts, are widely available in Thailand. Fig. 1.1 provides the comparison of PMSGs
costs between the local DD generators and the import DD generators. The figure of
Watt/Baht indicates the local DD machine is very much cheaper than the imported
ones. Though, the available wattage of local DD generators are quite low (up to 350
W). In order to encourage the utilization of wind energy and to achieve the
sustainable development by using the local DD generators, the local DD generators
shall be used in tandem as shown in Fig. 1.2. The generators are mechanically
coupled on the same shaft, with this drivingstopology; the larger wattage of DD
generators can be obtained. For the invesiment viewpoint, the using of local DD
generators arranged in tandem still gains the-benefit; consider a scenario where a 1.2
kW wind turbine systemis planned to construct, by comparison with the imported
1.2-kW DD generator;-using 4 units of 350-W local"DD generator can be 4 times
cheaper than that of the fermen:

Fig."1.2 Tandem Direct-Drive s§néhronous generators.

The literature of multi-electrical-machine drive has" mostly been devoted to
electric vehicle and railway traction drive applications. Almost all research works
have paid attention t0 induction motor drives. A stator-flux-based vector control is
proposed in [1] for the traction drives, auzrotor speed of parallel motors shall be
selected based: on ithe |driving conditions;, i'el| acceleration “or braking. The main
drawback of' parallel-connécted 'generatarsfis the circulating ctrrent which occurred
from the inevitable mismatch of motors’ parameters. This circulating current can
deteriorate..the torgue. controllability..In [2], the parallel-connected dual induction-
moton, drive for glectric; vehicles has been focused. Considering ‘the-differences of
motor parameters, the electromagnetiC torque Is expressed in terms of the average
total drive torque and the differential torque. In order to effectively control the torque,
some suitable reference stator current and rotor flux vectors must be chosen. An
adaptive rotor flux observer scheme was introduced in [3] and following the pioneer
work in [2], the reference stator current vector is calculated. Subsequent research
work in [4] has pointed out the stability problem in the unbalanced-load condition,
and the speed regulators are modified to solve this stability obstacle.



In this thesis, the following subjects are conducted:

1) Concerning the driving topology; 2 units of 350 W DD synchronous
generators are arranged in tandem, the stator windings are parallelly
connected and fed by a back-to-back converter, the overall implementation
is shown in Fig. 1.3.

2) Effects of mismatched parameters on the torque controllability are
investigated.

3) Maximum-Power-Point-Tracking scheme is created and the performance of
the overall system is evaluated by the wind turbine simulator.

Wind Turbine
Simulator
-
e ck,—to'—Eac_i_r
Tap ! L
Syn'\(,:lﬁ:'tcl)-rf’;) e J@
Gener . r
L q—
] —
Fig- 1,8 Qverall wir}pl energy conversion system
1.2 Objective of Research .° =

The main purpose of the,work is dev@tjégjio

1. Develop a direct drive of multiple parallel-connected multi-pole
permanent-magnet syrnchronous generators (PMSGs).

2. Investigate the effects on the torque unbalance and torque controllability
due to parameter mismatches between 2 generators.

3. Examine the performance of direct drive with the Maximum Power Point
Tracking{(MPPT) Method on Wind Energy Cenversion System (WECS).

1.3 Scope of Research

The scope of this research is Jimited to

1% Develep +a direct-drive far 2. parallél-connected” mulii-pele permanent-
magnet’ synchronous' 'generators (PMSGs) ‘within 'the® power rating of
2x350 W.

2. Sensitivity analysis of generator’s parameter mismatches and point out the
effects on the torque unbalance and the total torque controllability.

3. Perform the direct drive with the simulated wind turbine system on grid

connection.



1.4 Research Methodology

1.

9.

Literature reviews of background knowledge relevant to wind energy
conversion systems, multi-pole synchronous generators, back-to-back
PWM converters and direct-drive concept.

Identify salient features of the direct-drive fed wind turbine system.
Specify the thesis’s objective and the scope of study as appropriate.

Develop a direct-drive control scheme for feeding multiple multi-pole
synchronous generators.

Validate the proposed direct-drive concept of multi-pole synchronous
generators with simulations.

Construct the wind turbine emulaier with AC servo drive and set up all
mechanical paris.e. machine base and-mechanical coupling of generators.

Implement the direci=drive 'scheme along with the Back-to-Back PWM
converter,

Assemble owerall'system incl'uding electrical and mechanical parts.

Verify and evaluate the perfdrfhance of the direct-drive fed wind turbine
system. g

10. Analyze the.experimental results and revise as necessary.

11. Make a conclusion, and write the.document for a report and publication.

>
ol 4

1.5 Expected Contributior

1.

The direct-drive _scheme for_,_T_féeding two multi-pole synchronous
generators in.wind turbine system. —

Indicate the-drawback-of-paraiiel-connected-generators due to parameter
mismatehes.

Implementation of low-power wind energy conversion system with
proposed direct drive scheme.

Grid cconnection through ranbackstoback AWM .converter with MPPT
algorithm;



CHAPTER Il

Tandem Direct-Drive Synchronous Generators

2.1 Direct Drive Synchronous Generators
2.1.1 Structure and specificatio

Fig. 2.1 shows physical -n uct DD generator, the rotor is outer type

with 48-pole permanent mag ~§\s : inding is concentrated. The back
EMF waveform is investigated as shown i ;-sinusoidal back EMF waveform

indicates that the genera yp@l P agnet Synchronous Machine;
of P M G in Table 2.1.

PMSM. The rating and ificatio
- / — , Outer Rotor
! f ry ”’- \ 2ermanent Magnet; 48 poles)
Al Ve d Stator

s,

Concentrated Winding)

Shaft

ro@us generator.

4 f ﬂﬂ‘l’]ﬂﬂ‘iﬂﬂ’lﬂi ffffffffffff

\EN

. Time [sec]

Fig. 2.2 Back EMF waveform (from a generator)



Table 2.1 Rating and specification of PMSG

Parameter Value Unit
Stator resistance 9.4 Q
Stator inductance 65 mH
Rotor flux 0.1758 Wb
Voltage 220 \Y
Power rating W
Number of pole pole

Speed

2.1.2 Dynamic

rpm

ﬂua@ﬁﬂﬂ5Wﬂwni

|g 2.3 Vector diagram of PMSG gp.varlous referenﬁg,frames

VVALNTMUYAANE

a single permanent-magnet- syrﬂxronous -generator
(PMSG), expressed on the rotating permanent-magnet-flux reference frame;
d —qaxes, is given in (2.1) — (2.3):

¢Dynamic



Stator equation:
v i i —wLi 0
CloR| L T (2.1)
v, Iy dt|1, oli, oy
— — — —
v I joLi  joy

W -

__‘..-elaI
" ""\

.'i -!'Vi': 5 s

Py o (23)

-4 -%_ ). 1‘: -
ey :_"“'5 N
(=3 Syng:f nou G‘fenerators with Parallel
Connection Pz ,ﬂu

In this research w *ﬁ!i&'_‘s'ginchr enerators are arranged in tandem as
shown in Fig. 2.4. While the Fotor sh e mechanically coupled, the stator

windings are electrically connectéd in par hown in Fig. 2.5. Fig. 2.6 depicts
the equivalent cwq_pﬁof the parallel connecMgpnerators.
X _

Fig. 2.4 Photo of two synchronous generators arranged in tandem



Fig. 2.5 Tande chror nerat raIIeI connection.

Fwﬂu&@m@msw@}n@mmm
def.rﬂmmﬂ ﬁm%m@mmﬁzs?m;;zﬁi

model ‘and the resultant equivalent circuit of tandem generators are given in equations
(2.4)-(2.6) and Fig. 2.7 respectively.



Stator equation:

L.
Vo | Rl L4 ' + o + 0 (2.4)
Vq 2 iqT 2 dt iqT a)L oy '
Wh = A idT _ id1 id2 A T
ere L = i = |7 |+, = I+, (2.5)
qT

Total toque equation:

p -
T = P = 2.6
= "
S
Fig. 2.7 Resultant equivalent cireuit n synchronous generators with parallel
connected. '
It should besnoted that, as for the | nection of stator windings, the
rotor equation forthe tandem synchronous generators is as same as that of the single

generator in equation
ones. Principally, it o
generators are used in-tandem.

AULINENTNEINS
RINNIUUNIININY

summation of the individual
. Wm] more than 2 synchronous



CHAPTER Il

CONTROL METHODOLOGY FOR WIND ENERGY
CONVERSION SYSTEMS

Wind Turbine

F :’{Back-to-Back
PUWivInverter
Utility
o— (Genetator Side) (Grid Side)  Filter 380V
Tandem __Current 1 Unit 50Hz
Synchronous -
Generators _mIm_@)
T

Vector
Control

i
Rotor [
Position Commanded
/' b - Maximum |
[N Power-Point
o

Tracking

Fig. 3.1 Tandem synchror}o@eneratorsln wind energy conversion systems.
) £
Fig. 3.1 illusti m“wmd energy conversion
system. The vectof’c’éntrol and Maximum Power-Point Tradklng (MPPT) scheme are
paid attention in this thesis.

3.1 Direct“Drive-of Tandem Synchronous Genherators by Vector
Control

Vector-control.can.directly control.the torque, which,is-well matched with the
directdrive generators. Vectar (control 'is based on the knowledge of|synchronous
generator’s model expressed in (2.1)-(2.3). From the torque equation in (2.4), the
stator current should be injected in the manner shown in Figs. 3.2 and 3.3. The d-axis
current is kept zero (i, =iy, =1,, =0) in order to obtain the maximum torque per

ampere. For the ideal case where all parameters of both generators are identical, the
currents are balance:



q
Als
I1 |2

ZIST

. i \.' Yol -
i 2\

o ®

Yoo Y
: entcircuit,

| 1
AU AR
QRIAMIUNRAINH TR Y

(b) Resultant equivalent circuit.

Fig. 3.3 Tandem synchronous generators with current feeding.
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as well as the induced torques:

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)

T, = | X
L3 Iﬁler’?
N
L =T =& w = — .y,
— i 2 2 2
And the total torque is:
DAL\ NR, .
=T :E XV/:E'qT'V/
(uki
2 L (Generator
N i ] Side)
idT:O + + h- Vd
I O g 5 2] b PWM
x + |q-|— v A ) Vq alg Inverter
= +
Li kg o
a)i
0] 2 . .
, Iyt I
g e_jp
dt iqT i

Fig. 3.4 Vector contral feeding.2 multi-pole synchranous generators.

12

Fig. 3.4 shows the block diagram of vector control for the tandem synchronous
generators. The inner current control is used to perform as an equivalent current
source; the phase currents are measured and transformed to The d,q axes reference

frame, with high-bandwidth of current loop, the d —q axes currents can be separately

controlled. In order to help the current loop, the feed forward voltage is also added to
compensate the cross-coupling induced voltage between the d-—q axes. The

commanded stator voltage is transformed from d —q axis reference frame to the
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stationary frame to be the reference voltage for PWM inverter. The information of
flux position is obtained from rotor-position detection with the attached incremental

encoder. The outer speed loop is formed for the speed control purpose, i.e. the MPPT
scheme that shall be discussed in the next section.

3.2 Maximum-Power-Point-Tracking Scheme
3.2.1 Concept of MPPT

1600
1400
1200
1000

800

Power (W)

600
400

200

Gene raton Sl!oee_.d (rad/s)

Fig. 3.5 Wind turbme charactenstlc for various wind speeds.

FRAS

‘4..*

Generally, the concept of MPPT is creatgd by considering the characteristic of
wind turbine as shown in Fig./3:5. For each v wind speed on the power-speed plane,
there exists a maximum power pomt locﬂﬁd at a certain rotor speed. And at the

maximum power pomt the rate-of change between power and speed is zero;
AP,

=0. Hence, theMPP?sehemefawbefeﬁduetedﬁElg 3.6.

Aw,
. (2
AP
e | =0 *
(Awmj « Ao On ector v
o o(FTysg S0uty [ NecOn
[ _
AP, -
Aw

l Power Calculation

Calculation

Fig. 3.6 Block diagram of MPPT methodology
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Fig. 3.6 shows the direct drive of tandem generators with the MPPT scheme;
the vector control and speed control loops described in the previous section are
located in the inner loops while the MPPT scheme is at the outer loop. Principally, the
mechanism of MPPT is to automatically adjust the generator speed to converge to the
optimum one where the generated power is maximized, AP,/A@, =0. The rate of

convergence can be satisfactorily obtained by assigning an appropriate Pl gain.
Instead of the mechanical power of wind turbine P, , the electrical power P, at the

generators’ terminal is used to manipulate the optimum speed. Beneficially, both
copper and core losses of generators are also taken into optimization.

3.2.2 Power P, and &calcﬂla/@/
_..-J

In order to avoi Wfiltered PWM voltage, the
electrical power P, is ind ,' d from alculated induced torque. Fig. 3.7
shows the calculatio ent |m;s‘q&te}e'ed and, with the information
of flux position p, arried O%TxEmally, the electrical power
P, can be obtained by of mdﬁ:e torque T, and generator speed @,

ﬂumﬁwﬁ’wmm
WHRNG fﬁ;m*rﬁjgrmw

dewat n of signal can be computed as shown in is technique,
deV|at|ons of both power and speed (AP, and A w,, ) are obtained. Fig. 3.9 depicts the

Aw



aYaYaYaya J*
R(kk-N) v AR

P.(k)

Nz 2z |2 | —o—
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Fig. 3.9 Calculation of —=

+
Aw,
—

(o}

s sy LN Ul )
Z %Ea\ :

z "
tJ n9

m L7

ARIAIATAUNN TN
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3.3 Simulation Results

3.3.1 Simulation Results of Vector Control System for Tandem
Synchronous Generators.

Fig. 3.10 shows the simulation block diagram of vector control system with
two synchronous generators in tandem. At this stage, the speed-loop control is
investigated. The performance of vector control is evaluated in Fig. 3.11; the
generators’ torques can efficiently response against an applied step regenerative load
and the speed can be regulated at 40 rad/s. With this ideal case where generators’
parameters are matched, the currents and induced torques are equally sharing.

Vector Controller ///

i_LUV.W)

Permanent Magnet
Synchronous Motor

= 1%

<]
@

Gen. Speed

Torque of
SG#1

Torque of
SG#2
AT Current of
IR s G#1

-10A - =

T umumm i i \m Mmmmu e T jCurrent of

\ \ \ \ \ \ \ \ \
0 1 2 3 4 5 7 8 9 10

Time [sec]

Fig 3.11 Simulation result of vector control driving tandem synchronous generators.
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3.3.2 Simulation Block Diagram of MPPT
The simulation block diagram of MPPT scheme is illustrated in Fig. 3.12. It is

composed of three parts:

e Power (P,) calculation in Fig. 3.12 (a),

o AR, calculation in Fig. 3.12 (b),

Aw,

e MPPT loop in Fig. 3.12 (c); a low-pass filter is inserted to obtain the

smooth response.
.

1
Current
2
Flux_angle
Inverse % :
. 1 47 Product Peal
: e
& lation o
ol
- ' e
& -
e
PAA
Cio—» [ e
Pe o
Zero -Order
Hold L R
. plx
‘T
Divide dP/dwm
m awid _o.
—
Caor—» L - S

wm

z
Unit Delay

Nong

lation of AR o

Zoro Oyder q,
Fie
L1

AT aneay

(1) Ppe

Pm

wm

1
(2 y—pjwm @_:- > 0.18s+1

dP/dwm 1

(dP /dw)* PID with Low pass filter 2

dP/dwm
anti -windup

(c) MPPT Block
Fig. 3.12 Simulation block diagram of MPPT.
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3.3.3 Wind-Turbine Model.

The wind-turbine model is based on the power-speed characteristics as given
in (3.6)

x (7R
IDWindTurbine = Cp (/11 ﬂ)wvﬁmd ’ (36)

where the power coefficient C (4B

C,(48)=C | _705]+C6/1 3.7)

(3.8)

(3.9)

WT Power Rating R, m@ 0.45

Blade Pitch Angle g~ | 90

Air Density p, (104

Blade Leng ;— | 6.9

Wind SpeedV, ;. . 173
N 0.0029

AUEANYNINGNS

Parameters and rating of using W|nd turbine are specified in Table 3.1. Regardlng

S T T T
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From the aforg cteristic, the model of wind
turbine can be created assshowan in Fig. 3.14. Wi peed and generator speed are
required as inputs, the @ he m , Which behaves as a prime
mover for generators.
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3.3.4 Simulation Results of Wind Energy Conversion Systems (WECS)

By integrating the above block diagram in section 3.3.1-3.3.3, the overall
block diagram of WECS can then be obtained in Fig. 3.15. The wind turbine is
included as a prime mover of tandem generators and the MPPT is located at the outer
loop and provides commanded speed for vector control (direct drive).

Vector Controller

ig*

Plj

PID with

anti -windup voltage 3

[mtm>
-—> Peal
= —

Permanent Magnet
Synchronous Motor 1

Permanent Magnet
Synchronous Motor 2

wm

(dP/dw)*

MPPT

Power calculatio

: rand 3.17 sow the performance of direct
drive for various wind sed@ “The - ge erators torque can be properly controlled
during the sudden change of wm‘@ee '

each generator is flnely balanéed. T he ’ >PTCa ccessfully track the maX|mum
power point accordﬁg to each wind speed Mlh&)? rate of convergence. Fig.
VIE Y -SI0 16 h

e operation of MPPT.

ﬂuEJ’J'V]EW]‘ﬁ‘WEJ’]ﬂi
ama\mmwnwmaﬂ
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i
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CHAPTER IV
EFFECTS OF MISMATCHED PARAMETERS

The main drawback of tandem generators connected in parallel are the effects
of mismatched parameters. Once any parameters are mismatched, the current among

two generators will be unbalance. (i, # I,,) with the flowing of circulating current as
shown by the dash line in Fig. 4.1. The mistnatehed parameters consequently lead to
the torque unbalance between the generators-In the i.e. subsections, the effects of

three mismatched parameters shall be" investigated, the mismatched of permanent
magnet flux, stator resistance and stator inductance.

S J ol —

e e e e e e =

! +
&) sor,

: —  Flowing of circuiting
current - ---- >

Fig. 4.1 Circulating current in tandem generators due to mismatched parameters.

4.1 Effects.of Mismatched Permanent Magnet Flux, ay

The mismatch of flux Ay can be arisen from the variation of flux excitation
in the_production_process, and/or. the inaccuracy ‘in*the. mechanical-alignment of the
zero position of both'generators, especially for the multi-pole synchronoeus generators.
From (2.1) and Fig. 4.1, the relationship between the flux mismatch™ Ay and the

current difference Ai' can be derived as:

AT = ] Ay (4.)

CRI+(sl +@d)L

where
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and

1 Ay = y,~y,

From (4.1), the vector diagram of mismatched flux versus current difference
can be drawn in Fig. 4.2. The induced torque for each generator can be written as:

Torque of SG #1:
legrlXW1
plir o AL AT AT Ay
= —<q— e XU+ X + — 4.2
2{2 s 9T T —"2 T “2
AT,
Torque of SG#2:
T, = - 5%y
p [ f £ ATCC gAYy WAl Ay
SELPRY {7 B ity o m A it 4.3
2{2‘”{"’222) “3)
AT,
The total induced torque is
/=T +T,
zg{i;xm%.ﬁxw} @)
H—J

AT

It can be.obseryed that, the mismatched flux not only. causes the torque
unbalance between the generators; AT, and AT, In (4.2) and (4.3) respectively, but
also affects the overall toque controllability of the vector control; AT in (4.4). The
effects from the mismatched flux will be focused separately on the differences in
misalignment of flux position (Fig. 4.3) and flux magnitude (Fig. 4.4). The
sensitivities for various operating conditions are investigated by varying the speed @

and current i,. Figs. 4.3(a) - 4.3(c) depict the current difference (|AT|), torque
unbalance (AT, andAT,) and overall torque error (AT) due to the flux-position

mismatch. From Fig. 4.3(a), in comparison to the low-speed range, the current
difference is larger in medium and high speed range, this manner also reflects to the



25

torque unbalance as shown in Fig. 4.3(b). In contrast to the torque unbalance, the total
torque controllability is quite poor in the low-speed range as shown in Fig. 4.3(c).

d (zero position of encoder)

Fig. 4.2 Vector diagram_f.of'mismatched-;_ﬂux and current difference.

-|'I-"‘-V -

4 -

Effects of mismatched flux magnitude are also given in Figs. 4.4(a)-4.4(c). As
pointed out in Fig. Z:4(b); i ied-according to generator’s
current, while the ‘tetal torque error, in Fig. 4.4(c) is severe in low-speed range as
same as that of the mismatched flux position in Fig. 4.3(c). The overall performance
with WECS is evaluated and shown in Fig. 4.5, unbalanced current and torque are
varied depending on the generator speed, this agrees well with the analysis in Fig.
4.3(a) and 4{3(b). Nevertheless, the MPPT-still works praperly. It can be concluded
that the unbalanced current and ‘torque are the main effectstof mismatched flux,
consequently, the utilization of inverters’ current rating is degradation.
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Fig. 4.3 Effects of mismatched flux position.
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Fig. 4.5 Simulation results showing the performance of WECS with mismatched flux

position.
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4.2 Effects of Mismatched Stator Resistance AR.

From (2.1) and Fig 4.1, the relationship between the mismatched stator
resistance and the current difference AP can be derived as:

AT (Rz_Rl)'I i

(4.5)

(R +R, )1 +(sl +@d)2L

d (zero position of encoder)

ol
Fig. 4.6 Vector dlgram :fr‘_'é: u "r e to mismatched stator resistance.

IC

e

(=] Ll
!
!

o
o

Current Error [A]

Fig. 4.7 Current differences ‘AT‘ due to mismatched stator resistance,
R, =10.34 Q and R, =8.46 Q (+10% of R).
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From (4.5), the magnitude of current difference is illustrated in Fig 4.7. It is
observed that the unbalance current vastly occurred in the low-speed range especially
at high current (torque).

From (4.5), the induced torque for each generator can be written as:
Torque of SG #1:

(4.6)

(4.7)

G 2 [Nm
-

rror OSMS

Torque error og PMSG 1 [Nm]

Torque e
N

Fig. 4.8 Torque unbalance (AT, andAT,) due to mismatched stator resistance
(R, =10.34 Qand R, =8.46 Q).
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Fig. 4.9 Simulation results showmg the performance of WECS with mismatched
stator resistance.
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The above results show that the mismatch of stator resistance has only the
effect on the torque unbalance; (4.6)-(4.7), while the total torque controllability is not
affected; (4.8); this is due to the cancellation of torque error among two generators.
Fig. 4.8 indicates the torque unbalance caused by +10% stator resistance mismatch, it
is seen that only very low-speed region is sensitive to this resistance mismatch. In
addition, Fig. 4.9 shows that the overall performance of WECS is well acceptable

which means the tandem generators drive is robust to the mismatched stator
resistance.

4.3 Effects of Mismatched S{ t' / ctance AL .
c

The current dlfferencem\that
be simply derived as:

|smatch of stator inductance can

(4.9)

o I
(=2} oo -
/
f T {
\ \
\ \
\
/

I
~

Current Error [A]

0.2

. *0
Current [Ah" = 5

AT e
AR SETEHRIPTS TNy

“From (4.9), the current difference can be illustrated in Fig. 4.10 and it is seen
that the current difference is greater in higher speed range. The conceptual vector
diagram for this case is similar to the one shown in Fig. 4.6. In the same manner as
that of the mismatch of stator resistance, only the torque unbalance occurs ((4.6)-
(4.7)) and there is no effect on the total torque controllability (4.8). The results from
deviation of +10% stator inductance are given in Fig. 4.11, in contrast to the case of
stator resistance, the torque unbalance is more sensible in the high-speed region. The
simulation results of WECS in Fig. 4.12 also clearly demonstrate the torque unbalance
in high-speed range when the mismatched stator inductance is taken into account.
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Fig. 4.12 Simulation results showing the performance of WECS with mismatched
stator inductance.
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4.4 Comparison of Effects of Mismatched Parameters

According to the sensitivity analysis in section 4.1-4.3, the effects of
mismatched parameters can be concluded in Table 4.1. Among all mismatched
parameter, the deviation of permanent magnet flux, especially the mismatched flux
magnitude, causes the severe impact on both torque unbalance and torque
controllability of the tandem generators drive. For the mismatched of stator resistance
and inductance, there is no effect on total torque controllability, and the system is
quite robust to the mismatched stator resistance.

Table 4.1 Comparisons of effects of mismatched parameters.

Torque controllability Performance with
Mismatched degradation mismatched parameter
parameter Tosque Total torque
y a L ow speed High speed
unbalange” [} ' ‘error

Flux position AXy Yes 2% YYes Fair Fair
Flux magnitude Aly/| Yes \ “Yes Poor Fair
Stator resistance AR es +4 No Fair Good
Stator inductance AL Yes ".__','l_\llq Good Fair




CHAPTER V
IMPLEMENTATION AND EXPERIMENTAL RESULTS

5.1 Overall experiment setup.

Fig. 5.1 shows the experimental set up of wind energy conversion system;

MPPT scheme developed on
onverter and 4) wind turbine

generators; details are give
TMS320F2812 platform
simulator.

Stator = 220/380V

. Grid
Current c 5 Transformer n

Rotor
Position

e

—_ ﬂ
o - FERIERE
ARSI RSN Y
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5.2 Back-to-Back PWM Converter.

As the wind turbine operates at variable speed according to available wind
speed, the voltage generated is variable of magnitude and frequency. Therefore the
power generated need to be processed before feeding to grid. This system uses the
back-to-back PWM converter, which is used as linking between the generator side
and grid. The PWM converter composes of two voltages-source inverters (VSI) and
the capacitor which is connected in between them. The generator-side inverter is
controlled by current-controlled vector control, and the grid side inverter is operated
in 3-phase PWM rectifier mode with DC-Bus voltage regulation. The power flow can
be bidirectional; either it can flow through the generator or through the grid. The LCL
filter is also provided for. the grid connection. Ratings of back-to-back PWM
converter are listed in Table 5:1.

Table 5.1 Rating of back=to-back PWWM converier.

Grid-side voltage: 3-phase AC, 220V, 50 Hz

Grid-side current: SA

Generator-sidg voltage: 3—phase AC, 0-220V, 0-600Hz

Generator-side current: S 4

The function of generator-side convefrter,- IS to track the maximum power at all
available wind speeds. Therefore; the genefétbr-is:peed is controlled in order to follow
the power-speed characteristics via the TMS320F2812 Digital Signal Processor. The
TMS320F2812 is a single-board based which will receive current and position signals
to calculate the commanded speed for generator-side converter.

5.3 Wind-Turbine Simulator.
5.3.1 Wind-turbine simulator by AC drive.

Wind turbine, in thisthesis, is ereated by, amAE drive asishowmsin Fig. 5.2; the
AC drive Is aperated In| torgue «control: mode and it [is' coupled [to the tandem
synchronous generators through a torque transducer. As a commanded torque for AC
servo inverter, the turbine’s torque is calculated from power-speed characteristic of
wind turbine as described in section 3.3.3. This calculation task is performed by
another TMS320LF2047 Digital Signal Processor; the rotor position is detected for
speed calculation, while the wind speed is assigned as an input. Table 5.2 is the
ratings of AC servo drive used in this wind-turbine simulator.
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Table 5.2 Ratings of AC servo drive

Motor
Voltage: 3phase, 200V
Power: 3.0kw, 20.6 A
Speed: 1500 rpm

il
Voltage input: -;\,‘f\ %00 50/60 Hz

Voltage outputi— | 0 + 2400600k

.

oo A

{ = ] ~
AC C AC: o/ (B
O dii W ONVErsIo
e SEMvo - ! .
Mote
3{»! 22
Commanded Tor =
o {,,i'
' 0 0 J
w- T

f TR WS
5.3.2. Evaluations of wind-turbine simulator.

AR B By AL 1) s i

derived from the power-spee acteristic of wind turbine. For any assigned wind
speed 6-9 m/s, the turbine’s torque in 5.3(a) is generated, from TMS320LF2407, as
the commanded torque for AC servo drive. Performance of wind-turbine simulator is
evaluated and carried out in Fig. 5.4(b); the shaft torque of servo drive is measured
and the resultant torque-speed characteristic is plotted for each wind speed. It is seen
in Fig. 5.4(b) that the AC servo drive can nicely produce the output torques
corresponding to the characteristic of wind turbine (Fig. 5.4(a)) and it can be
employed as a prime mover for the testing of WECS in the next sections.



39

[wN] anbio |

(a) Commanded

|

|

|

|

|

1
«© O
— —

[wN] anbio g

Generator Speed [rad/s]

¢

from torque

N

turbine simulator.

(=1

TWANTIVE

.

Fig. 5.3 Evaluation of wind

Aol 1OV

(b)



40
5.4 Experimental Results of WECS with Tandem Synchronous
Generators

Regarding the experiment set up and wind-turbine simulator in previous
sections, the performances of WECS with tandem synchronous generators are tested
by means of following investigations.

- Performance of MPPT.
- Power gathering and current sharing of tandem generators.

- Effects of mismatched flux pasition.

5.4.1 Performance of MPPT .}

In Fig. 5.4, the"wind.speed is varied continuously and slowly, the MPPT
scheme can effectivelystrack.ehe.maximum power for each wind speed. The responses
against sudden change of'wind speed ard'; depicted in Figs. 5.5-5.7. Generators’ torque
can be properly controlled during the sudden change of wind speed. The MPPT can
successfully track thesmaximum po_wer:point according to each wind speed with
acceptable rate of convergenge. = \

800

700

600

500

400

Power [Watt]

300

200

100

Generator Speed [rad/s]

Fig. 5.4 Performance of MPPT on power-speed plane when wind speed is varied
slowly.



41

s 2 g T T T E T T TR T T T T T T T I T
, 8 c pu =
[<5) I ,aW.J [ 0 ED 0 @l B B o
=] g B B o S @ =
k=] @ 0o B o o g B S EB o s =
> I el L E L IO IR IO R B =
n [E= TR [ [ I R BT == o 10 L= |
w n R = | SLoLQ gL s e
— o oIS [ oo g 2=
fe) o [T IR o Lo [N o
D +—= [ o Lo o= 0
m m g o [ [ ,m_nu,\h o
[ = TR o [ o I RITE=
w m | ,m, [ o o ,N ENONE T
= T L Lt_LeE —im o L_L [ R A R J_d_1_L==1__1__]
= > [ I I [ o T = 0
— O T | ,qd, o —— |
o = I L " [ o I
W m [ I o I o I
m S o = I I ,ﬁ, o I
[ | [ o [ |
< = 1L 1L e [
[ o o I
W T [ 2 ,ﬂ, I o I
) [ T o I
I TE H o I
= = — -
I [ [
£ o0z L _ i1 ==
| 3 = 2
| | (— .
|
|

_—

]

F

|
il
I ‘H

¢
Al

e e e e

800

|
|
|
| |
| |
| | E——
1S INE I
| | [ =
| [ [ N A =—
I mﬁ,qu I [ =
I [ I [ - 1
N/ | A R [ — | ===
m | A R | g ==
(&S] (=] w R _E ;\ L J_1_1_ == —
QL @ W o il aET O ==
m (&) | A R [ | | [ 1
+ [ M~ | A R [ [— [ ===
{e)) @ [ | [ | | T ==
.m m Vh,,,, [ ,,,u,,,,,,,M“,,
1 — | A R = [ | [ = r |
(S () \/\k\rwrw,\ o Lol ﬁ\rwr _J_4_1_L=__1__|
(<] ﬁ [ o E [ =1
m [} B [ L I~ T =10
[ e EL =1
o m [ e EL e T =10
LN © [T N R o s e =0
5 [ e EL =1
= L < L L = L 3 o VLl B (I B B I — B
e 8 § § &8 & ¢ S =SS EEEEEC ggsgc sEc EfETsE:
[m] s12mod i SRCE RS I g El Fas o9l

Wind speed

140 160 180

120

Time [sec]

Fig. 5.6 Performance of MPPT with single synchronous generators when wind speed

40 60

20

is suddenly changed.



Wind speed (%I(%I&)K&H

\ r
TOOWl — — — — — — 4 — & 4 __ h‘ (o, — — — — — l— — — — — — — S —
| | | \ |
B0OOWH — — — — — — &b — — — — — — 4 - - e e
! ! ! ! ! ! Generator Output Power |
sww———————L——————f——— mwmumwmwa——————ﬂ— T B
A00WE - — — — — — L______ 1o __d__ 1 . - __ [FR - __ L ,,,,, 1
| | | | | |
300WH—————— L i _ _ L _ . [ [ LA oL —
| | | | | | | |
200 W T - o o [——
| | | | | | |
! | | ! | | | |
R e [ [ [ [ -
! | | ! | | | |
e e e o [ [ F ””” |
50 rad/s

40 rad/s
30 rad/s

'Time [sec]
160 180

Current of SG# 1

J ‘M‘ MW W‘

JRANR DI / ’ | \N

=)

,,,,,,,,,,,,,,,,,,,

****************************

| | b -
L et A e -
| |
o \mu
T T T P i
" | Il

N
> =)
%

‘ ﬁ'a ‘ ‘ U i L ‘ ‘ ITime [sec]

Fig. 5.7 Perfogmance ‘of MP ene nd speed is suddenly
changed.

Qﬁﬂa\ﬂﬂ'ﬁm NW’TJWEIWQEI

“In order to demonstrate power gathering; which is the main advantage of
tandem generators, Figs 5.6 and 5.7 are given. The tandem generators shown in Fig.
5.7 can produce roughly twice the output power from single generator, as shown in
Fig. 5.6. Concerning current sharing, each generator’s current in, Fig. 5.7, is
considered. The currents are quite balance at low speed with low torque (at 6 m/s of
wind speed), however the unbalance can be clearly observed at higher speed with
higher torque (at higher wind speed, i.e. 8m/s - 9 m/s ). This is caused by the
mismatched of flux position which will be investigated in section 5.4.3. Experimental
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result in Fig. 5.8 is given, in addition, to show that the back-to-back converter

successfully feeds the electrical power into the grid. It can be concluded that, the
overall performance of WECS with tandem generators is satisfactory and it is feasible
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igh accuracy is required

since generators are multi

EMF waveforms reflect the mismatched flux position for abaut10° (electrical degree)
and it can cause the unbalance of current especially in high-speed range as depicted in
the experimental results..in Figs. 5.7. and 5.10,and. this. is also.confirmed by the
simufation vesult in Fig. 5.11. i

investigate the alignment of permanent-magnet poles, the open circuit test is setup and
the back EMFwaveforms-af generators-are-measured as, shewn.in Fig. 5.9. The back
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CHAPTER VI
CONCLUSIONS

6.1 Significant outcomes.
In this thesis, the significant outcomes are listed as follows:

The concept of tandem generators is proposed for the direct drive of

multiple multi-pole nent magnet synchronous generators
(PMSG) for win on systems (WECS).

igﬁare employed to control the

aX|mum power from wind

arameters, the effect of

sis results are verified by

The direct drive o tande‘m onou generators is the alternative concept
for WECS. Some issues are st ork, i.e.

Using
Desig uideline for the

ﬂummmwmm
amaﬂﬂmumqwmaa

controller of I\EPT scheme.
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APPENDIX

1 Hardware of Wind Energy Conversion Systems
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2 MPPT Algorithm processed by DSP F2812
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