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RESUMO gerador de inducéo opere balanceado. O artigo descreve a
estratégia de controle do inversor, o critério de projete do

Este artigo propSe uma solucao para a conexao direta de ggntroladores e apresenta alguns resultados experimentai

radores de inducao trifasicos em uma rede monofasica com

regulacdo de vaz&o o que faz com que, a velocidade do gRALAVRAS-CHAVE : Conversor PWM, Gerador de Indugéo,

rador de inducédo se mantenha acima de sua velocidade $hentrole Digital, Qualidade de Energia, Converséo Mono —

crona. Para que a conex&o entre gerador e rede monofadigésica, Eletrificagéo Rural.

seja satisfatoria e para que os critérios de qualidade de ene

gia sejam preservados, o controle do fluxo de energia, el STRACT

a rede monofésica e o conversor PWM trifasico, é realizado

empregando a idéia de sistema interligado ajustando a defayis paper proposes a solution for the direct connection of

sagem e amplitude da tenséo sintetizada pelo conversor gnfhree-phase induction generator to a single-phase feeder

relacdo a tenséo da rede monofasica de forma que o fatortigs high power quality system is intended to be used in

poténcia na rede monofasica seja unitario. Em relacdo @ficro-hydro power plants applications with control of the

conversor de poténcia, espera-se que 0 mesmo produza iggter flow. It is employed to maintain the speed of the induc-

s6es senoidais, com frequéncia e amplitude fixas para quéi¢h generator greater than its synchronous value. Therdiff

ence between the generated power and the power consumed

Artigo submetido em 22/10/2008 (1d.: 00908) by the local load flows through the single-phase feeder. The

Revisado em 10/02/2009, 01/04/2009 . . .
Aceito sob recomendacéo do Editor Associado Prof. Enes Gongalves Marra power flow control is prOVIded by a three-phase PWM in-
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verter that additionally guarantees the local power quiaht ~ Tek BENER 100ks7s 136 Acgs
system with good power quality must have sinusoidal and
constant amplitude voltages, fixed frequency operatioh, ba
anced induction generator voltages and currents, harmonic
and reactive power compensation. The paper describes th
inverter control strategy, presents design criteria ofdiie-
trollers, and shows experimental results.

KEYWORDS: PWM power converter, Asynchronous ma-
chine, digital control, power quality, single-phase toetw
phase conversion, rural electrification.

1 INTRODUCTION

The advantages of the three-phase induction machine hav : : : : : : : : :
encouraged significant efforts in seeking approacheste ove  Lievicssuierdiiieivee P iienn i i,
come the Induction Generator (IG) poor voltage regulation . .
and frequency variation (Simdes andpFarret, 2004; Marra and a)Voltages on _the IG termma.ls (100 Vidiv).
Pomilio, 2000). Some advantages of the induction machines Horizontal: 5 ms/div.
are its robustness, simple construction, little maintepas- TeK ERITR 100Kks/s_ 17 Acgs

quirements, wide availability, low cost, and higher power- T
weight ratio when compared with other electrical machines. : : : : : : : : ]

Customers in rural areas, that usually have a single-phas:
feeder, may request a three-phase system from the utility
However, it can be uneconomical with regard to the cus-
tomers needed (Moncrief, 1996). On the other hand, there F
might be energy sources available in some of these areas t__{
produce electric power. For this situation, some authoveha ~
proposed the direct connection of the induction generator t
the single-phase feeder to obtain three-phase balanced vol
ages (Chan, 2007; Machadbalii, 1999). Some of these al-

ternatives, based on the ‘Steinmetz’ connection, operdie o

under strict conditions and are affected by the AC load vari-
ations. An alternative technique is based on current cbntro
(Machadoet alii, 1999), but this is not able to guarantee the
AC voltage controllability. b) Currents on the IG terminals (10 A/div).

Horizontal: 5 ms/div.

2 PROPOSED SYSTEM . . .
Figure 1: Three-phase induction generator connected to the

The proposed system comprises an IG directly connected$thgle-phase feeder.
a single-phase feeder. As the direct connection of an IG to
the single-phase feeder causes strongly unbalanced gsltag

and currents at the IG terminals as shown in Fig. 1, a thregather with the inductors, provide the necessary high fre-
phase mverterls.connected to balance the IG voltages and (fyency filtering, resulting an AC voltage free of switching
a consequence, its currents. noise. Part of the total capacitancg.{,,,) is designed to al-
Fig. 2 shows the complete system. The role of the Stat!gw the 1G self-excitation that could be necessary in case of

Power Converter (SPC) is to regulate the power flow and t|8|and|ng operation.

guarantee the local power quality. Such converter is a threg characteristic of the proposed system is that it requioes ¢
phase voltage source PWM inverter. The inducfars,, are  tro| on the water flow. The generated power depends on the
used to connect the inverter output to the Point of Comm%kime-mover power availability. The power-flow control is
Coupling (PCC) where the IG, the local load and the singlgsased on the local load demand. If the local load demand is
phase feeder are connected. The AC capacitGs.(), to-  |ower than the generated power, the excess is driven to the
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323 Leon
b In fact, the filtering effectiveness depends on the inverty
J Coc e put impedance compared with the other system impedances
s e ~V—D°<G:':{ 4%3‘ (AC filter, IG and single-phase feeder impedances).
L

Another system feature is that the local voltage is adjuisted
order to result in unity power factor (PF) to the single-ghas
feeder, maximizing the active power flow. The connection
with such feeder is made with an inductdrg). In order to
control the power flow, it is necessary to adjust the local AC
feeder. Otherwise, it is possible to absorb additional powéus voltage amplitudel{4 z) and the angle between pha-
from the feeder. sorsV,p and the single-phase feeder voltadgg,(,c.). If

the phasors,, ... (single-phase feeder current) avid,,c.
If a contingence forces the system to go to islanding condirave the same direction the system delivers power to the
tion, i.e., to disconnect the feeder, and the local demandfiseder. Otherwise, if they have opposite directions, thee sy
higher than the generation, non-critical loads must be ffut otem consumes power, as shown in Fig. 3.
Otherwise, some strategy must be adopted to consume the
excess of generated power as, for example, connecting adf- determine thes angle it is necessary to know the differ-
tional loads in order to adequate the generated power to tRgce between the generated and the locally consumed power
demand. When the islanding operation must be concluded;,), the connection reactanc&f{ ;) and to measure the rms
it is necessary to guarantee the voltage synchronism befoteltage of the single-phase feeder,(V,..) according to (1).
reconnecting the feeder.

Figure 2: Proposed system structure.

The voltage amplitudé’s 5 is calculated according to (2).
Since the inverter does not manage real power, it is not ne@bviously, any variation on this voltage affeéts. However,
essary to have a DC source in the DC link. Nevertheless, designing the coupling inductor for a small voltage drop, th
will be shown afterwards, the system is also able to the mawariation in the AC local voltage can be small enough not to
age power provided by DC sources connected to the invertgignificantly affect the power calculation and thangle. As
DC side, as a battery bank or a photovoltaic panel. the single-phase feeder voltage can vary, the local voliage

to follow such variation in order to maintain the unity power

3 SYSTEM OPERATION factor.

anced voltages on the AC bus. The stability of these voltages B = arctan V2 1)
automatically provides the reactive power compensatisn, a souree
suring that the 1G will continue to run normally without los-

ing magnetization, even feeding a heavy inductive load. Vg =

The system operation imposes sinusoidal symmetric and bal- (PTXLS )

VSOU’I‘C@

)

cosf3
On the hypothesis that the inverter is able to maintain si-
nusoidal voltage for any kind of local load, and suppos3.1 Lg Design criteria
ing the internal I1G voltage and the feeder voltage are si-
nusoidal, their respective currents must also be sinuboiddahe Lg design criteria takes into account the range of the
This means that the system also provides harmonic compesingle-phase feeder voltage variation. In a typical situat
sation, without any kind of current distortion measuremenas defined in (NE 08. CELPE, 1978; RER 03), the source
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the rectifier stage, the proposed solution offers an effagien
improvement. To quantify that, it is possible to define a+ela
tionship between double-conversion and line-interactftie

ciencies:
: PlOSSGS double—conversion
Tdouble—conversion = 1 — P = Tlconv
o “)
5 P
15 lOSSeS ine—interactive
110 Niine—interactive = 1- : P : ! (5)
Psour T o i ) .
ey [vm% ]100_% Now, if it was assumed the inverter stage has a given effi-

ciency (.onv), assumed to be constant for the two solutions,
it can be said that:

Figure 4: Coupling inductance valug() for different power
levels and PCC voltage.

PlOSSGSMnef interactive

Plossesaoubic—conversion = - (6)

voltage can vary from —7.5 % to +5 % around the rated valughere, P, .., represents the power lost in the inverter stage,
(Vn,,....)- Inthe worst case, the voltage variation can be p js the input power (assumed to be the same in both cases)
10 % to +5 %. As shown in Fig. 3, the voltage produced bynd “ is the percentage of input power that flows through
the inverter must be higher than ;.. A5 % incrementis the three-phase inverter in the line-interactive solutide-
sufficient to allow a reasonableangle resolution. Thus, the pending on the load arrangement). In (6) basically is said
local voltage range is —5 % to +10 % around the rated valufiat the power lost in the inverter stage is directly related

of the single-phase feeder voltage. the power flowing through it, being the inherent inverter-effi

. . L iency the same. This is a worst case assumption because, of-
The inductance value can be determined considering that Y b

rated power must flow through the feeder for any voltage in...’ the converter processing lower power will have a higher
. . . .2~ ‘efficiency. Neverthel itutin into (4) an

the given range. The induction value for voltage variation |? ciency. Nevertheless, substituting (6) into (4) and (¢

different power levels can be found solving (3), and its lesu

is shown in Fig. 4. Where; is the fundamental frequency

of the feeder in rad/s and the selected inductance must be the

efficiency gain” can be obtained as follows:

. . . . ine—interactive 1—-=z
minimum value for a given power ef ficiency gain = —linezinteractive _ . | 7)
Ndouble—conversion Neconwv
Ls = tan(B)V2 ,ee 3) Fig. 5 represents the efficiency gain between the proposed

w; Py solution (line-interactive system) and a double-conwersi

system. As can be seen, in all cases when the inverter of
3.2 Comparative efficiency between of the Iine-intergctive sc_)ll_Jtion processes a fracti_on of thput
the line-interactive and double con- power, th(.arell\_c, an e_ff|C|ency mpro_vement, which can be par-
. ticularly significant if the adopted inverter happens toéav
version systems relatively low inherent efficiencyjcom. -

The efficiency of the solution discussed in this paper can
be compared to that of the conventional three-phase invertd CONTROL STRATEGIES

+ single-phase rectifier arrangement (double-conversien s
tem). 4.1 Inverter Output Voltage Control

It is important to underline that the percentage of load powél he inverter output voltage control system is a modified cas-
flowing through the inverter stage of the proposed solutiocade scheme, with a fast inner current loop and an outer volt-
is always lower than unity, depending on the load configurage loop. The system features, regarding power quality as-
tion. Because of that, even if it was neglected the lossés thpects, depend on its capability to maintain a regulated-sinu

in a conventional double conversion solution, take place isoidal output voltage, independently of the load and power
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1.25 to be applied to a simple inductive loafl{,,, = 1.8 mH),
) -~ what is not exactly the case, but is an acceptable simplifica-
s Moo =0.&V tion. The uncontrolled system open loop gaify(.;) at the
g 115 cut-off frequency, together with the performance paransete
5 / Noore =0.9% defines the proportional and integral constarits.4,;and
£ N / / kint;) according to (8) and (9) (Machadet alii, 2006;
= 105 Machadoet alii, 2005).

Meons = 0.95%
] 0.1 02 03 04 05 06 07 08 09 1.0 Gori
. . . . kpropi—— =1 (8)
Fraction of input power flowing through the inverter, x WwerLi
Figure 5: Efficiency gain as a function ofand..y, - WO Li

C)

kin i = k Topl T, 7 s
! PrOP tan(mf;)

The closed loop cut-off frequency was chosen about one
decade below the sampling frequency so that the current reg-
ulator still has a good compensation capability in the fre-

Capacitive current compesation

Ve ’ guency range of interest.
DSP e Plant Fig. 7a presents the closed loop frequency response of the
current controller. Two situations are considered: the firs
Figure 6: Overall model of the system. one considers the load connected to the SPC termifialts

0 whereas, the other useg, = oo. There is a small error

in the gain due to the output filter model simplification but
flow conditions. This can be obtained since the inverter outt does not affect significantly the overall response. Hasvev
put impedance is substantially lower than the source and IBe phase error is significant at the feeder frequency (60 Hz,
impedances. In this way, the inverter will be able to impos&77 rd/s). A feed-forward of the voltage reference is used to

the three-phase voltage, as well as to conduct the greater pgiarantee a minimal error between current reference and the
of the load current harmonics. output current produced by the inverter.

Such low output impedance is obtained not only by properlyhe voltage loop guarantees a low error between the refer-
designing the output low-pass filter, but also using adefjuagnce voltage, as calculated by (1) and (2), and the output
control strategies. As shown in Fig. 6, selective filters argoltages produced by the inverter. For the PI voltage com-
used to increase the gain at some selected frequencies ingnsator, the desired closed loop cut-off frequengyi(,) is

der to minimize the respective errors, thus improving thte ou628 rd/s (100 Hz) and the phase marginf(,) is 70°. These

put voltage waveform quality (Busa alii, 2001; Mattavelli, Vvalues, together with the system open loop géif.,), al-
2001). An additional feed-forward branch allows reducindow defining the proportional and integral constakhys, .

the delay on the voltage correction due to the output filtef10) andk;;.+., (11).

capacitor. To have a faster response, the input of the space

vector modulator block (SVM) receives a direct signal from Gor
the voltage reference. Epropp—— =1 (10)
WwC Ly
The proportional-integral controller (Pl) was chosen as th
control technique. The current and voltage controls are im- R wCLw (11)
. wntv — propv
plemented in thexs reference frame. Theé.,, and k. tan(mfy,)

gains represent the respective sensor scaling factors. The

feed-forward gains G1 and G2 are always lower than on€ig. 7b presents the closed loop response of the voltage PI
The SVM block is the gain between space-vector routine arghowing a good agreement between no l0dg & oo) situ-

the output voltage produced by the inverter, including the i ation and rated loading in the frequency range of interest.

verter DC voltage value. S _
Due the digital implementation and to the need for a reduced

The desired closed loop cut-off frequenay(.;) is 6.28 switching and sampling frequency (as required by the con-
krad/s (1 kHz) and the respective phase margirf;f is 70°.  verter power rating) the voltage controller exhibits a l@g+
For these calculations the inverter output voltage is sep@o ulation bandwidth (a few hundred Hertz). To cope with that
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Figure 7: Bode diagram.

Figure 8: DC voltage correction.
and provide good control of the output voltage, a tuned reso-
nant filter at the fundamental frequency, 3rd and 5th harmon- . . I
d y r}brough the inverter. A sudden load increase will disturb

ics and a feed-forward of the capacitive current are put i e . .
P P such equilibrium until the new steady state pdiixf, )

parallel to the conventional voltage regulator, so as tosboo; . : . 5
the loop gain at the fundamental frequency. Thus, in the frds reached. The inverter provides the additional activegrow
' IQnsuming the energy stored in the DC link capacitor.

guency range of interest both amplitude error and phase &
ror are negligible, as can be seen in Fig. 7b (phase respongg)rger to maintain constant the DC bus voltage, the specific
(Machadceet alii, 2006; Machadet alii, 2005). control circuit adjusts only thg angle, based on the DC link
voltage deviation, as illustrated in Fig. 8. During the tran
4.2 Inverter DC Link Voltage Control sient, the unity power factor restriction is relaxed; everits
is always close to unity.
When the power balance is disturbed due to: a load vari-
ation, a generated power fluctuation or to any single-pha&®r a perturbationin the DC voltage, while the new operation
feeder disturbance, the control system acts adjustingahte v Point is not established and considering the DC voltage is
ageV, 5 in order to alter the power flow in the single-phaseélmost constant due to a high capacitance value.
feeder. During such transient, the power unbalance flows

th hthei ter, ch ing the DC voltage.
rough the inverter, changing the DC voltage AP, — APpe — AlpeVoe (12)

For example, in steady state the |G supplies the load and the
remaining power is sent to the feeder. No active power flowSor the compensation, the same power must be supplied for
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the single-phase source. The variatiorPof,,ce (A Psource) . I
can be expressed as in (13). Assuming smialalues, (13) A R

can be linearized as in (14). B o
a) Vertical: 45 V/div. Horizontal: 40 ms/div
VaVsource (experimental result).
APS()UT'CC = LSZTLB (13)
Xre
Ay
B Y A \Y/ Yo"
VasVaource 8501 b d oAbl ]
A]Dsource = LAB (14) | | | 1 osbenees kst deeooss ["L"
X ) A u s e
j j j j 0“0 j 17y
. . . . 250 - - -1 SAEFAF - - - -~ -2 T 0
Substituting (14) into (12), the relation between a snaall o - Point of 5 N | R —
angle variation and the DC link current variatiah{, ) can <—>, 200} - JO?dde‘nneQ‘tLQr] e
be found (15). PP R S S S oo
VaBVsource ! ! ! ! ! !
AI :7A 15 7777\777\777\7777\7777\7777\777\7777
7T Mook, N R
A L. . i i %.8 2.;35 2.‘9 2.‘95 ‘3 3.;)5 3’1 3’15 &2
Based on this model, it is possible to derive the block dia- seconds

gram of Fig. 9, which represents a linear approximation of

the system that allows designing the DC link Pl controller. b) Vertical: 50 V/div. Horizontal: 50 ms/div (simulation

result).

Similarly to the current and voltage control, the parame-
ters for the PI controller are calculated for a closed loop
crossover angular frequencydpc) of 10.68 rad/s (1.7
Hz) and a phase margim(fpc) of 75°. For the open loop
gain (Gorpc) itis possible to calculate the proportional (16)the system behaves as expected, according to the design pro-
and integral (17) constants,,.,pc andk;,.pc. The DC cedure. The simulated and measured time responses are very
capacitance(p¢) is 2820uF and its design criterion can e close (£ 200 ms each other) whereas the DC link voltage sag

Figure 10: DC link voltage under load step.

found in Appendix A. reaches 17 V (simulation) and 18 V (experimental), respec-
tively.
GoLpc
Rproppo oo = 1 (1) 5 EXPERIMENTAL RESULTS
The proposed control strategy has been implemented in the
kintpe = kpropDC Worpo (17) 16-bit fixed-point DSP ADMC 401. Space vector modula-
tan(mfpc) tion was used to command the inverter at 12 kHz. This sam-

pling frequency allows a resolution of 1.8 degrees for the
Figs. 10a and 10b represent a comparative dynamic respoisgput voltage synthesis. A 3 kW experimental setup was
to experimentally verify the control algorithm presented i built to verify the system operation. The nominal paranseter
Fig. 9. Both tests take into account a 500 W single-phag# the IG are found in presented in (Machagtalii, 2006;
resistive load step, imposed at the AC bus. As can be sebtachadoet alii, 2005).
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5.1 Steady-State Analysis Tek T 1005/ 8 Acs

Fig. 1la presents two of the three-phase voltages produced
by the inverter, after filtering. As desired, such voltages a
balanced and the voltage displacement is around 120°. As
expected, also the IG currents are also sinusoidal.

As afirst test, the system feeds a balanced resistive logd. Fi
11b shows one inverter phase voltagg)and the respective
reference«’;). The power that is not consumed by the load,
P, equal to 1800 W, is sent to the feeder. The inverter volt-
age THD is only 0.9 %. The PF betwe®h, . ce andlsource

is higher than 0.99. The local voltage THD is 2.2 % and the
resulting current THD is 2.28 % respectively. Since the load
voltage is sinusoidal, the feeder current will be distowed
cording to the voltage distortion and the coupling reaatanc

As the feeder voltage is used to generate the internal refer-
ences, the line voltage is filtered before the calculatioihef
inverter reference in order to avoid harmonic contamimatio

a) Voltages on the IG terminals (100 V/div) and respectév
currents (10 A/div) Horizontal: 5 ms/div.

Tek IUOKS/s[ 29 Acqs l

Fig. 11c shows a situation in which the load power is higher
than the IG power. The power deficit comes from the feeder.
The feeder voltage leads the output inverter voltage, which
results in the negativg angle. Also in this case the power
factor is close to 1.

34

Fig. 11d shows the harmonic compensation provided by the
inverter. The load is a 1200 W three-phase rectifier with ca-
pacitive filter (capacitance equal to 1mF). In spite of the-no
linear load, both the IG and the feeder current are almost si-
nusoidal. The load and feeder current THD are, respectively
60 %, 6.8 %. The THD of the AC bus voltage is 3.2 % while
the source voltage THD is 2.5 %.

A

\SOTrce/"'
b) Top traces: reference and load voltage (180 V/div). Bom

. . traces: single-phase feeder voltage (100 V/div) and curre(tO
5.2 Dynamic Analysis A/div). Horizontal: 5 ms/div.

Tek  Preview 0 fogs
T

Fig. 12 shows the system response to a single-phase load AR AR
transient. The load is connected between B and C phases. | = @ | o I @ :
At the connection, a very small reduction in the AC voltage

takes place, according to the AC voltage control strategry, b
cause it becomes necessary to absorb additional power from
the feeder. Additionally, there is a DC link voltage sag, be-
cause that capacitor instantaneously has to deliver thie add
tional power required by the load. As explained, the PI DC-
link controller adjusts only th& 45 phase, so as the three-
phase voltage amplitude is not affected due to the method
employed to design theg.

6 CONCLUSIONS

This paper proposes a new strat(_agy to compensate for thec) Top trace: angleB (500mV = 45°). Middle traces: AC bus
unbalanced operation of an induction generator connected t and single-phase feeder voltage (180 V/div). Bottom trace:
a single-phase feeder. A PWM inverter generates the con-single-phase feeder current (10 A/div). Horizontal: 10 sidiv.
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Tek sn.nkyg 3 A_lgqs

1 response and power quality. The experimental results con-
A firm the expectations.
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fi— V4B APPENDIX A

d) From top to bottom: load current (10 A/div), single-fhase To design the passive components of the step-up converter,
feeder voltage (100 V/div), current (10 A/div), and AC bs it is necessary to consider at least the maximum current rip-
voltage (250 V/div). Horizontal: 10 ms/div. ple (Albc), the double frequency of the fundamentfb,

] ] and DC bus voltage variation (18) (Machaetoalii, 2006;
Figure 11: Steady-state analysis. McLandrich, 2003).

Tek HIgil Single Seq 10.0kS/s
[ 1 Albc

Cpc = —F—775— 18
Y N (18)
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