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Abstract — This paper presents a new solution for the direct
connection of a three-phase induction generator to a single
phase grid. This low cost, high power quality system is
intended to be used in micro-hydro plants, without control of
the turbine. The generated power that is not consumed by the
local load is send to the single-phase grid. The power flux
control is provided by a three-phase PWM inverter, working
as a shunt active filter. This converter allows balancing the
induction generator currents and voltages, while frequency
and voltage stability is provided by the connection to the grid.
The inverter control strategy is based in a modification of the
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power theory, as proposed by Akagi et al. [12], to assess
the suitable line currents which will lead to balanced
voltages and currents at the 1G terminals.

Il. METHODOLOGY

The direct connection of an IG to the single-phase
utility grid, as shown in Fig. 1, causes strongly unbalanced
line voltages and currents at the generator terminals. Fig. 2
presents the IG voltages and the currents at the stator

instantaneous power theory. obtained through simulation of the system described in Fig.

1.

|. INTRODUCTION The analysis carried out in this work are based on

. simulation results. The three stationary-axis moaedy(
The attempt to use the Induction Generator (IG) as @odel) of the induction machine was employed in the

cost-advantageous alternative has been the goal of sevegah jations [13]. The induction machine parameters used

investigations, which has been carried out since long aggq presented in Table I. The single-phase rms grid voltage
[1-6]. The many well known advantages of the three-phasg,s 220 v and the synchronous frequency 60 Hz.
cage rotor induction machine has encouraged significant

efforts in seeking suitable approaches which are able t~

i o Py i Ps
overcome the |G poor voltage regulation characteristics ¢ S P
well as synchronous frequency variation. Some advantag DL @

of the induction machines are its robustness, simpl Single
construction, little maintenance requirements, wide phase
availability, low cost, and higher power-weight ratio K¢/ Pes :
") than other kind of electrical machines. Coer + = | |

In residential areas, light commercial, light L1 T Actoad

manufacturing, and rural areas, the electric power availabic
usually are single-phase. Customers in these areas may
request three-phase from the utility and find that it is
uneconomical for the utility to meet a relatively small
three-phase need [7]. On the other side, there might t
energy sources available in some of these areas to prodt
electric power. Considering this scenario, some authol
have proposed the direct connection of the inductiol
generator to the single-phase utility grid, as a mechanism
obtain three-phase balanced voltages [8-11]. Thi
connection is the so-called ‘Steinmetz’ connection whict
has been used for three-phase motors [8]. However, the

Fig. 1. IG directly connected to the single-phase utility grid.
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proposed alternatives are able to operate only under stri ’ .
circumstances and are unfavorably affected by the AC log =} e - - o - eree
impedance variations. 2 ins

The purpose of this work is to present a simple andfig. 2. IG line voltages (1) and currents (2) at the uncompensated system.
feasible methodology to balance the IG voltages and
currents, when the generator is connected to the single-
phase grid. This methodology relies on the instantaneous

lll. THE PROPOSEDSYSTEM

The system proposed comprises an induction generator

This research is supported by FAPESP (proc. 98/11170-2) arffirectly connected to the single-phase grid and an AC
CAPES. capacitor bank, which provides the IG magnetization



current, similarly to the system described in Fig. linstantaneous power provided to the grid is known, it is
Additionally, a Static Power Converter (SPC) shuntpossible to assess the line-current which there would be at
connected with the grid will be controlled in order tophase ‘C’ if the system were balanced. Such a line-current
balance the IG currents and, as a consequence, its termialphase ‘C’ is the compensation current imposed by the
voltages. A single and a three-phase inverter are be studi8®C {ccs).
as possible SPC topologies. The SPC function in this system is just balancing the 1G
Let us initially consider that no load is connect to thdine currents, but is not concerned with any kind of reactive
IG. In this case, all the generated power must be send to thewer or waveform distortion compensations. A
single-phase line (neglecting the system losses). Otherwisgnificantly favorable feature that comes out from this
the power would be absorbed by the SPC, and should bgproach is that it is not necessary to separate the
consumed anyway. Remember that the generated powerascillating and the average values of the instantaneous
not controlled and depends on the IG rotor speed, that wilctive and reactive power, which avoids delays and the
determine the slip, once the stator frequency is kemtharacteristic drawbacks of filter tuning.

constant by the grid.

TABLE |
Induction Machine Parameters Referred to the Stator (60 Hz)

As the system is three-wire three-phase, there are not
neutral or zero-sequence voltage or current components.
The voltages and currents can be transformed taifhe
domain as in (2) and (3), respectively.

Stator resistancedjr 4.4Q 1 1

Rotor resistance jr 5.02Q a e EWASD

Leakage stator reactanceg(X (2p.60.Ls) 59Q Vo D: E 0 2 2 DS/ O @)
Leakage rotor reactance {X (2p.60.L;) 5.9Q %ﬁ E 3’ Jé \/§ O BSO

Linkage reactance (¥, (2p.60.M) 70.53Q %’ 7 '7%@@8@

Iron and mechanical losses resistance 582Q

(Rm) 1 1

Rated power Y hp a,0 [2 a -E 'E E]EASE

Number of poles (P) 4 = \/i[l D%BSD 3)
Rotor inertia (J) 0.0006 ky? %ﬁ g 3 «/§ @ O

- -7E@csﬁ

The instantaneous regd)(and imaginary powemj are
derived by substituting (2) and (3) in (4).
In this case the single-phase grid is connected to phas
‘A’ and ‘B’. The current imposed by the SPC at phase ‘C’ﬁ)g: EVO, Ve Sm"% (4)
is called the compensation curreidcf). This current is EJD @‘VB Va QEBE
assessed by sampling the phase-voltages at the IG The compensation currents are determined using
terminals ¥, Vs and Vc) and the line-currents of tWo pajanced three-phase voltage¥'f, V's, V'c ), as if the

different phases (‘A" and ‘C’), as presented in Fig. 3. Inyenerator already produced these voltages. The balanced
case of load connection, it should be connected the point Aree-phase voltages at tie domain (V' V' ) are
which the currents measurement are done. In this case Etermined as in Q). @ TP

P I mpen nbalan I . ! .
SPC could compensate unbalanced loads The compensation currents at tlhg3 domain are

A. Single-phase converter

P o Ps assessed as in (5).
G i ins ing Y . )
> < lgcp 0 1 Y -V Epn -
lcy, Single - o= =0, d
phase gﬁCPQ H/ 2 +V, 2 HE{/; A E%l O
Static 0 a B 0

Power

The compensation current to be imposed in phase ‘C’
by the SPCigcp) is given by (6).

R AB
lccp = 3 lacp 7-'303

The action of the SPC in imposing the desired balanced
line-current at phase ‘C’ will drive the system to balanced
Assuming that the line-currents at phase ‘A’ and iy ( operation conditions, during steady-state operation.
and i, respectively) are known by sampling, the line- The fluxogram that describes this procedure is shown at

(6)

Fig. 3. General structure of the single-phase converter.

current at phase ‘B’ is determined as in (1).

ips=~( as*i c3 1)
The instantaneous power provided by the inductio

generator to the single-phase utility grid is assess

according to the three-wire Instantaneous Power Theoer?/a

(IPT), presented by Akagi et al. [12]. Once the

%

the end of the paper, in Fig. 17.

Fig. 4 exhibits the IG terminal voltages and currents,
tained from the simulation of the system including the
C. Notice how the compensation was effective in
lancing the generator terminal voltages and line-currents.
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Fig. 4. IG line voltages (1) and currents (2) with single-phase SPC.

to be injected by the SPC through its ‘B’ terminén
The curreniaconis defined according to (9).
iAcon= _(i Bcont iCcon) 9)
The whole system, including the three-phase SPC is
shown in Fig. 7.
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Nevertheless, taking into account the average power Fig. 6. Block diagram of the currents to converter.
absorbed by the SPQ),,,, its value is not zero, what Pg ’ . iy P. g
means that_ part of the generate(_j _power flows to th 16~ ;: Vol e T — P
converter. Fig. 5 shows the current injected in the grid, th VX7 1oy, @vedics ¥ ey oL | 1 Single
instantaneous power and the respective average values. o Pea Peon phase

This structure would be useful only if the power Cac T T T T
absorbed by the SPC could be dissipated [5] or delivered Ve ValVa
the line through another converter [6]. %9 %9 %9
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Fig. 5. Single-phase line currents (1), instantaneous power (2), and
average power (3) at the single-phase compensated system.
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Fig. 7. General structure of the three-phase converter without load.

C. Static Power Converter Implementation

The implementation of the SPC is achieved by means
of a three-phase voltage-fed inverter. The converter allows
bi-directional energy flow from the DC side to the AC side.
The general configuration of the system comprising the
inverter is presented in Fig. 8.

The converter output currents are accomplished using
hysteresis control of the currents at the output filter
inductances, {. usingiacon Iscon @nd tcon @S the reference

B. Three-phase converter values. ,
G in |A§ Lg
. g < iy VAl sy AVea ibur
In this case additional current measurements ar icy, @ Vel icqy | single
necessary to allow the correct operation of the SPC. Tt J phase
. . . CL]
currenticcp continues being the one that must appear ¢ c L Ly Lt ¢
(~ - AcT_T_T
phase ‘C’. But the current at the SPC respective outpu N TN PN P —
iccon Will be given by (7). Wherée, is the load current at  ACLoad
that phase. |
icon=iccp —icL ) Static Power T Coc
The instantaneous power absorbed by the SPC, is givi Converter
by:
y . . Fig. 8 General configuration of the proposed system comprising the Static
Peon=VA-VB)iacon- V8 - Ve iccon (8) Power-Compensator with load.

In steady-state this power must be zero. Otherwise the

SPC would store energy, what is not possible.

IV. SIMULATION RESULTS

The current at the ‘B’ branch is determined in order to
cancel this power. The control circuit is shown in Fig. 6. A The whole system (except for the inverter) was
low-pass filter retains only the average value of theimulated to verify the effectiveness of the control strategy.
instantaneous power, that corresponds to the active powdihree cases were studied, analyzing the system ability to

A Pl compensator produces an output that, multiplied by
sinusoidal signal (proportional to,Y) defines the current

balance the I1G operation and to control the power flux to
the single-phase grid.



A. IG, SPC, and single-phase grid points of the system confirms the expectation that the
Fig. 9 displays the results of the case shown in Fig. Tontrol strategy while zeroes the SPC average power
what means, without any load connected to the I(Galance the IG currents and, as a consequence, balance the
terminals. It is clear the action of the SPC balancing the I@&spective voltages.

output currents and consequently its voltages. Fig 10 shows p,

; : - . ) . 9 , Ps
the sinusoidal current injected in the single-phase grid. Ce Gt ias iy flg
be noticed in the same figure that the generated pow I'» :VAB - ¢VCA :f* taco —— PEDE
. . . CL
flows almost totally to the grid. The small difference is due — ., Ve > = | | Single
. . . . . . . P s Peon: g phase
the small resistances included in series with the excitatio P
capacitors. The SPC average power goes to zero in stea Qg iccon|Tacon 14con Py
Ve VeVa
state. %9 %@ &@
e Current .
converter P Static Powe
—>| Determination Converter AC Load
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Fig. 11 General structure of the three-phase converter with three phase

load.
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Fig. 9. IG line voltages (1) and cyrrents (2) at the three-phase
compensated systerfl without load. i) ) I
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Fig. 10. Single-phase line currents (1), instantaneous power (2), and 2 I LI ot
average power (3) at the three-phase compensated system without loa  sm i P
The small distortion observed in the grid current is dut ™. e 1ia SR TT (T T T e
to the control circuit (Fig. 6) response. If the Pl block 3
output presents any AC component, the phase ‘B s

: : : : : Fig. 13. Single-phase line currents (1), instantaneous power (2), and
reference will not be exac.tly sinusoidal, dIStort.mg also the average power (3) at the three-phase compensated system with three
other currents. Decreasing the low-pass filter cut-off phase load.
frequency or increasing the integral time solves this

problem, but produces a slower dynamic response. C. IG, SPC, unbalanced load, and single-phase grid

) ) In this case a single-phase load is connected to the

B. IG, SPC, balanced AC load, and single-phase grid  gystem, as shown in Fig. 14. The control strategy has

A three-phase balanced load is connected at the I6hown to be effective also in this situation, balancing the
terminals, as shown in Fig. 11. Fig. 12 shows the systefg currents and voltages, as Fig. 15 indicates.
ability to maintain the balanced operation even after the Tp¢ power balance is shown in Fig. 16. Before the load
connection of the load. In this case it is expected thaF ﬂl?onnection, the generated power flows to the single-phase
total amount of power to be sent to the single-phase grid ljge After the load connection, note that the grid current
the difference between the generated power and the 10ggbsents a phase inversion. This means that the generated
consumption. Fig. 13 shows  the reduction of the singlesower is not sufficient to feed the load and the additional
phase grid current when the load is connected. Theswer comes from the line, as can be seen by the negative
instantaneous and average power calculated at differefijye of R Also in this case the IG operation is balanced.
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Fig. 14 General structure of the system with single phase load.
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Fig. 15. IG line voltages (1), currents (2), and single phase load currents
(3) at the three-phase compensated system with single phase load.
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Fig. 16. Single-phase grid current (1), instantaneous power (2), and
average power (3) at the three-phase compensated system with single
phase load. [11]

V. CONCLUSIONS
[12]

This article proposes a new strategy to compensate
unbalanced operation of an induction generator when
connected to a single-phase grid (Steinmetz connection). [13]

A DCJ/AC static power converter, as used in shunt
active power filters generates the currents necessary to
equalize the IG currents and, consequently, its voltages.

The current references to the SPC are generated using
the instantaneous power theory.

A single-phase SPC has shown to be not adequately
due to the fact that the power converter absorb part of the
generator power. In a three-phase topology it is possible to
circulate this energy producing a quite effective system
operation.

The control system is going to be implemented using a

DSP (TMS320F240) to sense the necessary input signals
and generate the current references, and will be applied to a
experimental set-up.
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Fig. 17 — Fluxogram of the current references determination.





